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THE ASSAY OF POTASSIUM p-PHENOLSULFONATE, ITS 
pH RANGE, AND ITS ULTRAVIOLET ABSORPTION SPEC- 
TRUM 

By Elizabeth E. Sager, Marjorie R. Schooley, and S. F. Acree 





ABSTRACT 


Potassium p-phenolsulfonate is a good buffer for the pH range of 8.4 to 9.2 
and for spectrophotometric studies of metacresolsulfonphthalein and thymolsul- 
fonphthalein. Its useful pH range lies between those for borates and secondary 
phosphates and therefore fills an important gap. The purified product is not 
commercially available and quantitative tests for indicating its purity have not 
been reported. It was found that a pure product may be obtained after only 
three recrystallizations. A quantitative method of analysis by bromometric 
titration was developed. Two molecules of bromine react quantitatively with 
1 molecule of p-phenolsulfonate in molar hydrochloric acid at 0° C within 5 
minutes. 

Ultraviolet absorption spectra were obtained and showed differences between 
the primary and the secondary salt. The spectrophotometric data indicate that 
the sulfonate group is almost completely ionized in dilute solutions. 
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I. INTRODUCTION 


In spectrophotometric studies of indicators it is sometimes neces- 
sary to use buffers to stabilize the solutions which cover the pH and 
colorimetric transformation ranges. It is especially important that 
the compounds used as buffers and the indicators do not react or 
have overlapping absorption bands. The phenolsulfonates and some 
of their halogenated derivatives have been suggested ' as components 
of a stable buffer system over a wide pH range. 

Highly purified phenolsulfonates are not available commercially. 
However, some of the compounds can be easily recrystallized from 
water and hence can be purified in the laboratory. After preliminary 
investigations of the potassium, sodium, calcium, and zinc salts of 
p-phenolsulfonic acid and of several salts of halogenated derivatives, 
potassium p-phenolsulfonate was chosen for more detailed study. The 
fact that it is anhydrous makes it more desirable than the sodium salt. 
The latter crystallizes with 2 molecules of water, which can be re- 
moved by drying but are taken up again at room temperature at 


'8. F. Acree, R. R. Mellon, B. M. Avery, and E. A. Slagle, A stable single buffer solution pH 1 to 12. 
J. Infectious Diseases 29, 7 to 10 (1921). . . 
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198 Journal of lesearch of the National Bureau of Standards 


humidities as low as 40 and 50 percent. Two samples of the recrystal. 
lized potassium salt lost 0.02 and 0.03 percent in weight when heated 
at 110° C for 24 hours and regained about the same amount over q 
period of 10 days, during which they were exposed from time to time iy 
air of 40- to 50-percent humidity. Bromometric assay, by the proce. 
dure described later, showed no change in purity of the samples 
heated at 110° C for 24 hours. The same was true of a 107 molar 
solution which stood on the laboratory bench for 2 months. After 
heating at about 167° C for 20 hours, however, three samples lost 0,30 
to 0.36 percent in weight and were found to contain sulfate. Bromo- 
metric analysis showed these samples to be 99.7 percent pure. 
There apparently is no oxidation-reduction or other adverse reaction 
with the sulfonphthalein indicator series, as indicated by spectropho- 
tometric curves, using 10? molar potassium p-phenolsulfonate 
buffers with metacresolsulfonphthalein and thymolsulfonphthalein. 


II. PURIFICATION OF POTASSIUM p-PHENOLSULFONATE 


The p-phenolsulfonate received from the manufacturer was a pink- 
ish-white crystalline powder with a distinct phenolic odor. Impurities 
were removed before the first crystallization by treating a hot solution 
for about 10 minutes with an activated carbon. To remove all the 
carbon, the solution was filtered several times while hot. Each re- 
crystallization was made by adding just enough hot water (about 80° 
to 90° C) to dissolve the crystals. The solution was then cooled to 
about 10° C, and the crystals were filtered with suction but not allowed 
to dry between recrystallizations. A yield of about 40 percent for 
each recrystallization was obtained. The first mother liquor was 
pinkish and contained a small amount of sulfate. The Salesaunen! 
mother liquors were co.orless and sulfate tests were negative. 

Two separate lots of potassium p-phenolsulfonate were recrystal- 
lized four and six times, respectively. Some material from each 
recrystallization was reserved for experimentation and dried for 2 
hours in @ vacuum oven at 2-mm pressure and 60° C. Analyses of 
the recrystallized product. by micromethods for hydrogen, carbon, and 
sulfur, made by K. D. Fleischer of this Bureau, gave the following 
results: Found: C, 34.02, 34.03; H, 2.40, 2.57; S, 14.92, 15.04. Theo- 
retical: C, 33.95; H, 2.37; S, 15.10. 


III. BROMOMETRIC ASSAY OF POTASSIUM 
p-PHENOLSULFONATE 


Previous work on furfural and related compounds ? showed that 
under controlled conditions of acidity and temperature the reaction 
of bromine with some organic compounds can be used as a method for 
their quantitative determination. Preliminary experiments indicate¢ 
that the reaction of bromine with phenolsulfonate gives slightly high 
results at room temperature. However, using essentially the method 
previously reported for furfural, it was found that at 0° C 2 molecules 
of bromine react within 5 to 10 minutes with 1 molecule of p-phe- 
nolsulfonate in normal hydrochloric acid to form 2,6-dibromophenol- 
4-sulfonate and 2 molecules of hydrobromic acid. The reagents used 
and experimental procedure are given below. 

2Elizabeth E. Hughes and 8. F. Acree, Quantitative determination of furfural at 0° C with bromine, Ind 


Eng. Chem. 6, 123 (1934); Volumetric estimation of 5-bromo-8-furoic acid with bromine, Ind. Eng. Chem. 6, 2 
(1934). 
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1. REAGENTS 


Potassium bromate was recrystallized three times from water, and 
5.567 g was used to make a solution approximately 0.2 N, which con- 
tained 50 g of potassium bromide in 1 kg of water. The bromate- 
bromide solution was used on a weight basis to standardize in normal 
hydrochloric acid through iodine the 0.1 N thiosulfate solution used 
for the titrations. The weighed amount of the bromate-bromide 
delivered by a special 25-ml pipet with curved tip was reproducible 
within 0.05 percent. A solution of potassium iodide, about 10 per- 
cent by weight, was prepared freshly before use. Hydrochloric acid 
was used to make the reacting solution about normal in acidity. The 
potassium bromide, potassium iodide, and hydrochloric acid conformed 
io specifications of the American Chemical Society.* As an additional 
check, the thiosulfate was standardized against potassium dichromate, 
recrystallized twice, using the same procedure described below. The 
two methods of standardization agreed within 0.1 percent. 


2. EXPERIMENTAL PROCEDURE 


Specially designed titration flasks, described previously (see foot- 
note 2), were fitted with two side-arms for the bromate and iodide 
solutions, respectively. By means of pipets with curved tips, 25 ml 
of the 0.2 N beotnate-hedinide solution was placed in one side-arm and 10 
ml of the potassium iodide solution in the other. A known amount of 
phenolsulfonate was transferred to the body of the flask and diluted 
to about 200 ml. The solution was made normal in acidity by the 
addition of hydrochloric acid, using extreme care that the fumes did 
not reach the bromate in the side-arm. Blanks of the reagents were 
prepared in a similar manner, substituting water for the phenolsul- 
fonate. Each flask was closed with a ground-glass stopper and placed 
in an icebox to attain a temperature of 0° to 2° C. 

The reaction was started by tilting the flask so that the bromate- 
bromide solution ran into the body of the flask, and the contents were 
gently swirled to mix the liberated bromine with the phenolsulfonate 
without disturbing the potassium iodide solution in the other side-arm. 
A stop watch was used to time the reaction, which was stopped by 
the addition of the potassium iodide. The contents were thoroughly 
shaken to absorb any bromine vapors, and the iodine equivalent to the 
residual bromine was titrated with 0.1 N thiosulfate, using starch as an 
indicator. At 0° C the discharge of the blue color at the end point 
was very definite, but it was found that the titration must be made 
as rapidly as possible. The blue color returns after several minutes, 
and consequently error may be introduced if the titration is prolonged. 
Experiments over a period of several hours, in which the blue color 
was discharged with thiosulfate as soon as it returned, showed that this 
error was of the order of 0.01 ml per minute at low temperatures 
and twice this amount at room temperatures. 

The amount of bromine consumed by the phenolsulfonate is deter- 
mined from the difference between the amounts of standard thiosul- 
late solution used in titrating the blank and the solution containing 
the phenolsulfonate. The figures in table 1 for “percent reaction” 
are calculated on the assumption that in the desired reaction 1 mole 
of the phenolsulfonate consumes 2 moles of bromine. 


Ses eenees 


*ACS Analytical Reagents. (American Chemical Society, Washington, D. C., March 1941). 
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TaBLE 1.—Reaction of agemnay OS oe cng with bromine at 0° C in normal 
y 
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m™ potassium p-phenolsulfonate | potassium p-phenolsulfonate 
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for Milliequiva- Milliequiva- 
reaction lents of Percentage lents of Percentage 
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2 ons { 3. 937 98. 4 
3. 922 98.0 
5 3. 195 99.9 4.001 100. 0 
10 { 3. 199 100.0 4. 006 100.1 
: 3. 200 100. 0 4. 002 100. 0 
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The values in table 1 show the variation with time in the consump- 
tion of bromine at 0° C by two concentrations of}phenolsulfonate. 
In all cases there were approximately 5.0 milliequivalents of bromine 
available, requiring 50 ml of 0.1 thiosulfate for titration of the 
blank. For the above amounts of phenolsulfonate, the excess bromine 
i late about 18 and 10 ml of thiosulfate, respectively. The table 
indicates that the reaction of 1 molecule of phenolsulfonate with 2 
molecules of bromine is complete after about 5 minutes, and little 
additional reaction is noted until after 30 minutes. The figures for 
percentage of reaction show that the method is accurate to about 0. 
percent. A difference of 0.02 ml in thiosulfate titration, representing 
in the above instances less than 0.1 percent, is possible due to the 
difference in time taken to add the 50 ml for titration of the blank and 
that taken to add the smaller volume in the titration of the sample. 

The values in table 2 show the analyses of the original material and 
the recrystallized fractions. 


TaBLE 2.—Bromometric assay of samples of potassium p-phenolsulfonate su)- 
jected to a series of recrystallizations 








First Second 
lot lot 





Percent Fercent 
92,8 


Original materiale. : 55.22.2222 ck , 92.7 
, * eee 98. 4 99.6 
Recrystallization IT_.................---- 99. 7 100.0 
Recrystallization III__.._._.......-..--- 100.0 100. 1 
Recrystallization IV..............--.---- 100.0 100.0 
ef Ear eee eee! Pepe 100. 1 
I i cca eon 100. 1 

















IV. SPECTRAL ABSORPTION IN THE ULTRAVIOLET BY 
POTASSIUM p-PHENOLSULFONATE 


In the spectrophotometric studies of indicators stabilized with 
10-? molar phenolsulfonate buffer, it was found that ultraviolet 
absorption spectra could not be obtained below 280 my, owing to the 
absorption bands of the buffer itself. A study therefore was made of 
the buffer without the indicator. Repeated dilutions of the phenol- 
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sulfonate solutions were made and their transmittancy values measured 
until the main absorption bands were located. The series of spectral 
transmittancy values given in figure 1 represent concentrations of 
the phenolsulfonate in water from 10~? molar (curve A) to 1075 molar 
(curve J). The main absorption band, whose peak is at 230 may, is 
not sharply defined except in the more dilute solutions (curves E 
through J). The transmittancy curves show bands similar to those 
of indicators. 

Dilution of the phenolsulfonate with water immediately introduces 
the question of dissociation. At any wavelength the molar absorp- 
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FicurE 1.—Ultraviolet spectra of several concentrations of purified potassium 
p-phenolsulfonate. 








tion index is determined by dividing the index (—logi) transmittancy) 
for that solution by the concentration multiplied by the depth of the 
solution (cell length in centimeters) through which the light beam 
passes, according to Beer’s law. If the molar absorption indices do 
not agree well within experimental error for several wavelengths, 
then dissociation, association, or some chemical change is suspected. 
For this purpose the absorption indices of solutions of phenolsulfonate 
10, 210-4, and 3X10-* molar in water were first compared. 
Additional solutions of the same concentrations were made in 107! 
nolar hydrochloric acid. These data agreed well within experimental 
error for practically the entire absorption curve, except on the steep 
portions of the bands where the errors are large, showing that the 
sulfonate group is: completely ionized and_the phenolic group non- 
ionized in all the above solutions. As an additional check, a 107‘ 
molar solution in the 5-cm cells was compared with a solution in the 
|-and 2-em cells. The agreement was well within experimental error. 

The spectrophotometric data were obtained by use of a Beckman 
quartz photoelectric spectrophotometer.* It was improved by the 


wa (Ince by the National Technical Laboratories, Pasadena, Calif. Described’in J. Opt."Soc. Am. 31, 
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replacement of the cell compartment *® by a small light-tight box wit) 
a slide for holding two 38-mm (i. d.) cylindrical metal cell holders jy 
which Pyrex cylinders of 1-, 2-, and 5-cm lengths could be fitted with 
quartz end plates to hold the solutions. One cell was filled with the 
solution under investigation. The solvent, or 100-percent cell, cop. 
tained the same components of the solution except the compound 
under investigation. The cells were placed alternately in the light 
beam for the transmittancy measurements. They were calibrated 
each day at the beginning and end of the test by filling both cells with 
distilled water, using the solvent cell for 100-percent transmission and 
reading the value for the solution cell at 10-my intervals from about 
210 to 400 mu. The quartz end plates used in this work were well- 
matched and gave a satisfactory calibration curve over the entire 
spectral range. The transmittancy values obtained for the solutions 
were corrected by use of the calibration curve. Reproducibility of 
transmittancy values for a given concentration of solution prepared 
at different times was usually within +0.2 percent, except at the 
lowest wavelengths (210 to 230 my), where discrepancies of +0,5 
percent transmittancy occur. The measurements were made in a 
room kept at 25° +2° C. Solutions were prepared in a room also 
kept at a constant temperature of 25° C. This control of tempera- 
ture is important in spectrophotometric studies of solutions, especially 
when the pH value of the solution and ionization of the buffer change 
with temperature, and cause corresponding differences in the trans- 
mittancy of the solution. 

The ultraviolet transmittancy values of the potassium p-phenol- 
sulfonate subjected to the recrystallization steps described above 
were also obtained and are given in figure 2. The original materia! 
is represented by curve A. The first recrystallization apparently 
removes most of the impurities which absorb light® between 250 and 
300 mu, as shown by curve B, whereas the third, fourth, fifth, and 
sixth crops of crystals give practically the same transmittancy values, 
curve C. The material successively recrystallized from the first lot of 
phenolsulfonate showed a systematic change in the transmittancy 
values, as in the bromine analyses (given in table 2 but not shown in 
fig. 2). 

Studies of a number of buffers have shown them to be highly 
resonant and chromophoric in the ultraviolet, and also that their 
absorption index bands are altered greatly by pH changes, just as 
in the case of indicators in the visible, ultraviolet, and infrared 
regions. Some measurements therefore were made of the ultraviolet 
absorption of solutions of the secondary p-phenolsulfonate salt, which 
is formed when alkali is added to a solution of the primary salt. The 
spectrophotometric curves shown in figure 3 represent the p-phenol- 
sulfonate, 5 107-> molar, in 107! molar hydrochloric acid (curve A) 
and the same concentration in 10~* molar sodium hydroxide (curve J). 
The two intermediate curves, B and C, were obtained by using dilute 
borax—boric-acid buffers of pH 8.4 and 9.0, which do not have absorp- 
tion bands in this region. In these dilute solutions there may have 
been some error due to the absorption of carbon dioxide during the 

s The authors are indebted to Jurg, A. Senn for help in designing the metal box, as well as other improve 
ments in the electric circuit, and calibration of the instrument. Extensive data, which have not yet bee? 
reported, were obtained previously with filters and indicator solutions to test the performance of the !- 
strument. The precision is about +0.5 on the scale from 0.0- to 100.0-percent transmittancy. 


¢ For example, figure 3 shows that any secondary salt present as impurity absorbs strongly between 240 
and 300 muz. 
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Figure 2.—Ultraviolet spectra of impure and recrystallized potassium p-phenol- 


sulfonate. 
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FicurE 3.—Ultraviolet spectra which represent the transformation of potassium 
p-phenolsulfonate from the primary to the secondary salt. 
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filling of the spectrophotometric cells. Curve D, in which 20 moles 
of alkali are added to the phenolsulfonate, probably represents its 
complete conversion into the secondary salt. A series of intermediate 
curves has since been obtained, and calculations are under way jn 
correlating the spectral curves with the neutralization and ionization 
of the phenol group. The preliminary curves given here show that 
such data furnish valuable information in the study of the spectral 
properties, ionization constant, activity coefficients, and general 
behavior of such polar buffers (see fig. 4). The curves show that 
the secondary salt has an entirely different resonance structure, 
leading to an absorption index curve which is shifted 25 my toward 
the red. Two isobestic points were observed at 215 and 238 mu. 

Of the two resonant structures 1 and 2, figure 4, for the primary 
salt, 2 is probably predominant and in equilibrium with only a small 





Figure 4.—Structural and resonant forms of p-phenolsulfonates. 1 and 2, resonant 
forms of the univalent salt; 3 and 4, resonant forms of the bivalent salt. 


amount of the dipolar quinoidal form of 1. The resonance is indicated 
by the dotted lines. From similar data on other sulfonates and 
buffers, it is believed that the bands in figure 1 correspond chiefly to 
the absorption of the sulfonate group, with peaks at about 230, 271, 
and 278 my and the indices decreasing in the same order. There is 
apparently also a weak band with a peak at about 266 my. Because 
of the marked change in the character of the absorption and the shift 
of the band toward the red upon increase in pH and formation of the 
secondary salt, it seems likely that the resonance path is lengthened 
and hence extended considerably outside the sulfonate group. This 
would be represented by the equilibrium between 3 and 4, figure 4, 
with 4 probably predominating. The peak of the dominant band is 
at about 254 muy, and there is apparently a weaker band with a peak 
at about 280 to 285 my. Such spectrophotometric data help in 
iving a clearer understanding of the ionic and polar structures 0: 
uffers and their ions and the activity coefficients to be assigned to 
them. Such data also show that in securing very accurate spectro- 
photometric values for the absorptions by indicators and organic 
compounds, especially in purification procedures, it is important t0 
control the pH values and the concentrations of each component. 


WasuinoTon, August 7, 1943. 
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THE SECOND DISSOCIATION CONSTANT OF p-PHENOL- 
SULFONIC ACID AND pH VALUES OF PHENOLSUL- 
-FONATE-CHLORIDE BUFFERS FROM 0° TO 60° C. 


By Roger G. Bates, Gerda L. Siegel, and S. F. Acree 





ABSTRACT 


The thermodynamic dissociation constant of the phenol group of p-phenolsul- 
fonic acid was calculated from electromotive-force measurements of hydrogen-— 
silver-chloride cells without liquid junction. Thirty-nine buffer mixtures of 
potassium p-phenolsulfonate, sodium hydroxide, and sodium chloride were 
studied in five series of experiments from 0° to 60° C at intervals of 5 degrees. In 
three series, the mola] ratio of phenolsulfonate ion to phenolate-sulfonate ion was 
wity, and in two series the buffer ratio was 2:3. For two series of experiments, 
one at each buffer ratio, the molality of sodium chloride was maintained constant 
near 0.05 for all dilutions of the buffer. In the other experiments, the molality of 
each component of the solution varied between 0.0037 and 0.1. 

The values of pK, the negative of the common logarithm of the second disso- 
ciation constant, between 0° and 60° C are given by the equation 


pK, = 1961.2/T — 1.1436 +0.0121397, 


where 7'is in degrees Kelvin. 

Equations were formulated to give the changes of free energy, heat content, 
entropy, and heat capacity that accompany the dissociation, at infinite dilution, of 
a mole of phenolsulfonate ion at any temperature between 0° and 60° C. For 
the dissociation of the phenol Gow at 25° C, AF® is 12,351 cal, AH® is 4,036 cal, 
48° is —27.9 cal deg-!, and AC°p is —33 cal deg—!. 

The pH value of each buffer-chloride mixture was calculated from the experi- 
mental data and the activity coefficients that were found to characterize each 
series of solutions. The ~ values of other phenolsulfonate buffers which have 
molal ratios, m,/m,, of phenolsulfonate ion to bivalent phenolate-sulfonate ion 
between 2/3 and 1 can be computed for temperatures between 0° and 60° C with 
an accuracy of +0.002 unit from their compositions and from the dissociation 
constants and ionic parameters given in this paper. The equation used is 


pH = pK; —log(mi/mz) —3A¥y/(1+8By x), 


where » is the ionic strength. Buffer solutions of this type are suitable pH 
standards in the range 8.6 to 9.0. 
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I. ALKALINE BUFFER STANDARDS 


Few acids are known whose dissociation constants fall in th 
region 10-7 to 10~*. Consequently, few buffer standards with pj 
values between 7.0 and 9.0 are available for the calibration of pj 
equipment and for the control of acidity. Regulation of pH in this 
slightly alkaline region is, however, of great importance in studies of 
biological processes and of the body fluids, in the treatment of water 
and in the processing of foods and medicines. 

Among the buffer solutions that have been employed in this rang; 
are mixtures of potassium dihydrogen phosphate and disodiuy 
hydrogen phosphate, mixtures of boric acid and borax, and solutions of 
glycine and sodium hydroxide [1]. At a pH of 7.5, however, th 
second acid hydrogen of phosphoric acid is 85 percent neutralized 
{2}. The pH values of phosphate buffers above pH 7.5 are, therefore, 
considerably influenced by contamination of the solution with carbon 
dioxide and by accidental errors in composition. The same objection 
applies to the use of mixtures of glycine and sodium hydroxide below i’ 
pH 9. i0l 

Borax solutions have pH values of about 9.2, and a buffer cow-fm 
posed of borax and boric acid must contain considerable amounts of” 
free boric acid if a pH of 8.2 is to be achieved. Furthermore, such fj *4 
solutions may contain appreciable concentrations of associated poly-fm 
boric acids [3, 4]. Until boric acid solutions have been further in- ji ° 
vestigated, their pH values between pH 8 and pH 9 will be subject i i ™ 
some uncertainty. of 

The substituted phenols are acids, and the acid strength varies 
widely with the number and kinds of substituents. In the search for 
a useful buffer standard for the slightly alkaline region, several phenols fm ° 
were found that had suitable dissociation constants. Many of thes fim ° 
substances, like phenol itself, are liquids or low-melting solids. Som ji ™ 
are hygroscopic, unstable to heat or to light, or otherwise unsuitable i 
as standard materials. f 

The sodium and potassium hydroxybenzoates and hydroxybenzene ™& * 
sulfonates (phenolsulfonates), however, are typical salts and are free 
from most of these objections. They are crystalline materials, stable 
at 110° C, and may be recrystallized readily from water. Acree, 
Mellon, Avery, and Slagle [5] have suggested the use of phenolsul- & " 
fonates in the preparation of solutions of known acidity. Further: @! 
more, the pH values of buffer systems composed of bivalent and un 
valent anions can be determined with less difficulty than can those o! & | 
buffers of a weak monobasic acid and its alkali-metal salt. A di ‘ 
basic-acid buffer, a mixture of potassium phenolsulfonate and sodium §& t 
hydroxide for example, covers a much larger range of pH on dilution 
than does a monobasic-acid system, without sacrifice of considerable 


buffer capacity. ‘ \ 
An electrometric titration of sodium p-phenolsulfonate with sodiw 
hydroxide solution showed that the phenol group of p-phenolsulfon: && 


acid, one of the simplest dibasic acids of this type, was half neutralize @ 
at about pH 8.7. Further substitution of hydrogen in the benzet ™ - 
ring with halogen increases the dissociation of the phenol. Potassiu" 
p-phenolsulfonate is anhydrous at room temperature, and is therefor: 
more satisfactory than the hydrated sodium salt for the preparati! 

of standard buffers. 


1 Figures in brackets indicate the literature references at the end of this paper. 
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It is the purpose of this paper to report the measurement of the 
\jssociation constant of the phenol group of p-phenolsulfonic acid at 
s-degree intervals from 0° to 60° C. The pH values of certain mix- 
ures of potassium p-phenolsulfonate, sodium hydroxide, and sodium 
hloride have been determined. These solutions are proposed as pH 
standards in the range 8.6 to 9.0. 


II. DISCUSSION OF THE ELECTROMOTIVE-FORCE 
METHOD 


n the 
h pl 
of pH 
n this 
les of 
Vater, 


din, The calculation of the second dissociation constant, K2, of a weak 
yns offmeacid and the pH values of solutions of the acid mixed with its salts 
-thogmtrom emf measurements of hydrogen-silver-chloride cells has been 
lized qgpoutlined in earlier publications from this Bureau [2, 6, 7]. Mention 
fom (should be made, however, of the assumptions upon which these 
rbon ge calculations are based. , 
ction ft Jn the absence of side reactions, a cell that contains hydrogen and 
low i silver-silver-chloride electrodes is reversible to hydrogen and chloride 
ions, and its potential depends upon the product of the activities of 
com. ese ions alone. If the molalities, m, of these ions are known, the 
ts off cell potential then gives the activity coefficient product, fafa. The 


such square root of this product, Viator, is the mean activity coefficient 
noly. ame of hydrochloric acid, f,. It is related to the partial molal free energy, 
: ing or “chemical potential,’ of hydrochloric acid in the solution, and 
ct to may be evaluated by several methods which include measurements 
of freezing point and vapor pressure as well as of emf. 
aries «The activity or activity coefficient of a single ion species cannot be 
\ form evaluated by the methods of thermodynamics alone. Hence to 
nols @ obtain a pH value, or negative of the common logarithm of the activity 
hese of the hydrogen ion, an extra-thermodynamic assumption must be 
ome (Mm made to relate ionic activity to measurable quantities. The dissocia- 
able M™ tion constant, however, is obtained by extrapolation of an appropriate 
function of emf to the limit at infinite dilution, where all of the 


one- Ee activity coefficients are equal. Its value is free from assumptions 
free fe Which interrelate activity coefficients of the ions in the mixture. 

able For a starting point in the calculation of ionic activity coefficients 
ree, ae rom emf measurements of cells of the type used here, it 1s customary 
sul: (0 consider that the activity coefficients of hydrogen and chloride 
her Me Ons in the mixture are equal to the mean activity coefficient of 
mi-™ lydrochloric acid. This assumption was proposed by Guggenheim 


oof M™ |S] and has been used widely. It is further assumed that all ions of 
di- @@ ‘ke same numerical charge have identical activity coefficients. In 


ull @# this case, then, 
ion 
bh Si=Vihatou (1) 


when i represents a singly charged ion. 

it has been found that the measured stoichiometrical activity 
coefficients of many electrolytes in very dilute aqueous solution ap- 
proach the theoretical values calculated from the Debye-Hiickel 
limiting-law expressions for each of their component ions: 


wn 
nie 

] 
Lei 
ane 
am 
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on —log fx=Az?-V un, (2) 
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where yu is the ionic strength and z, is the valence of the ion i. The 
Hiickel equation [9], 
Az? Vu 


1 +Bary rte 


has been shown to represent the activity coefficient with considerable 
success at higher concentrations, as well. The constants A and B 
of eq 2 and 3 vary with temperature and dielectric constant. The 
symbols a; and 6 represent adjustable parameters. The dimensions 
of a; are cmX<107*. The term By can be considered as the resultant 
of several effects which contribute to —log f;. These contributions 
which vary linearly with ionic strength, undoubtedly include the 
change of dielectric constant with concentration of ionized solutes 
as well as interactions among resonant dipolar ions and nonpolar 
ions. 

For the calculation of pH values, therefore, the mean activity 
coefficients of hydrochloric acid in the mixtures are represented by 
eq 3 (with 2?=2), and the activity coefficients of all ions in the mixture 
are expressed in terms of Vfafc:. The activity coefficients of all 
univalent ions are set equal to Vfafc: (eq 1). The relationship be- 
tween the activity coefficients of univalent and bivalent ions is given 
by eq 3. The activity coefficient of a bivalent anion, A“, in the 
mixture is then given in terms of the mean activity coefficient of 
hydrochloric acid by 


—log fx“ = —4 log Vfafoit3 By. (4) 


The same values of a; and 6 are assumed to apply to all ions of a 
particular mixture at a particular temperature. Phe values of these 
parameters are considered to be weighted averages for all the types of 
ions in the solution. 

Although the value of pK, is independent of the validity of any 
expression for activity coefficients, the extrapolation to zero ionic 
strength is considerably facilitated when a fairly close approximation 
to each activity coefficient can be made. When eq 2 is combined with 
the fundamental emf equation for the hydrogen-silver-chloride cell 
and with the equilibrium expression for the second step in the disso- 
ciation of p-phenolsulfonic acid, 


HOC,H,SO; (phenolsulfonate) = H*+-+ C,H,(SO;) (O~) 
(phenolate-sulfonate), 


—log fi= Bh, (3) 





the following equation? is obtained: 
pK,=(E—E°)/k+log(mypsmci/mps) +2A Vb, (6) 


where pK; is the negative logarithm of the ‘apparent dissociation 
constant.” Upon extrapolation to infinite dilution. pA, becomes 
pK2. The symbols E and E° represent, respectively, the emf and 
standard potential of the cell, and E is 2.3026R TIP. The gas constant, 
R, has the value 8.3127 int. j deg™ mole [10]; 7’ is the absolute tem- 
perature (f+273.16, where ¢ is in degrees centigrade [11]; and F is the 


? In this equation, and elsewhere in this paper, Ps represents the phenolsulfonate ion and Ps represents 
the phenolate-sulfonate ion. 





-_—_ a ~~ et ott ee |hOCOUG)6 6 


pl Values of Phenolsulfonate Solutions 209 


faraday (9.650 10* int. coulombs [11]). The standard potential, Z°, 
has been measured at 5-degree intervals from 0° to 60° C by Harned 
and Ehlers [12]. Its value was recalculated by Hamer, Burton, and 
Acree [6], and is listed in their paper, together with the constants 
A and Bofeq2 and 3. The values of & in international units are also 
iven in an earlier publication from this Bureau [2}. 

ble When eq 3 is used for each activity coefficient, the dissociation 
| B constant is represented by an equation similar to eq 6 in form: 


ons pK,;=pK2— Bu= (H— E°) /k-+-log (mupsmci/Mps) +2AVu/(1 t+ Ban). 
) 






























It is usually possible to choose a value of a; that will make pK; a 
linear function of ». The slope of the plot of pK; with respect to u 
is —6, and the intercept at zero ionic strength is pK2, the thermo- 
dynamic dissociation constant. 

‘In this way the values of a; and 8 that fit a particular series of 
mixtures are established. When these values of the parameters are 
employed, eq 3 (with z7=1) represents the negative of the logarithm 
of the mean activity coefficient of hydrochloric acid, —log V¥fxfcu. 
Equation 3 also represents, as we have assumed, the negative loga- 
rithm of the activity coefficient of each ion species in the mixture, 
“/ when the appropriate value of z; is used. It is then a simple matter 
to compute pH values from eq 8 for the emf of the cell, with the sub- 
stitution of the right side of eq 3 for —log fe [13]: 


pH=(E—E°)/k+log ma—AyV p/(1+Bary x) + Bp. (8) 


In the use of eq 6 and 7 it should be realized that hydrolysis of 
some of the phenolate-sulfonate ion lowers the molality of that ion and 
increases the molality of phenolsulfonate ion by the same margin. It 
was found that at 25° C not more than 0.3 percent of the phenolate- 
sulfonate ion in any of the buffers used in this investigation was hydro- 
lyzed. If the effect of this hydrolysis had not been considered in the 
calculations, however, a maximum error of 0.01 unit would have been 
included in the pK, values for the most dilute buffer at the highest 
temperature measured. Hydrolysis affects the calculation of pH by 
eq 8 only through changes in a;,, 6, and wy. At room temperature 
these errors are negligible. At higher temperatures, however, hydroly- 
sis is considerably enhanced. Corrections for hydrolysis therefore 
were made at each temperature. 

If m, is the stoichiometrical molality of phenolsulfonate salt, m, 
that of the phenolate-sulfonate, and m, that of sodium chloride, the 
ratiO Myps/Mp, is given by 


Muyps/Mps= (M+ Mox)/(M2—Mon).- (9) 
| When moy is known, the ionic strength may also be calculated: 
w=™M+3mM2+M3— Mon. (10) 


The molality of hydroxyl ion, mog, can be computed directly from 
the emf data by the equation 


(E— E°)/k=pKy+log(mou/mer) +1log(fou/ foi), (11) 
—log mon=pKw— (E—E°)/k—log mai, (11a) 


or 
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where pK, is the negative of the common logarithm of the thermo- 
dynamic dissociation constant (ion product) of water at the stated 
temperature [14]. Equations 11 and 1la were derived by the substi- 
tution of the equilibrium expression for the dissociation of water into 
the equation that relates the emf of the hydrogen-silver-chloride cel] 
to the activities of hydrogen and chloride ions. The last term of eq 
11 is zero, as a result of the assumed equality of the activity coeffi- 
cients of the two univalent ions. The computation of hydrolysis 
corrections is accordingly a simple matter. : 


III. EXPERIMENTAL PROCEDURE AND RESULTS 
1. MATERIALS 


A commercial preparation of potassium p-phenolsulfonate was 
recrystallized four times from water at temperatures below the boiling 
point of the saturated solution. Only the first crops of crystals were 
retained. A slightly pink color observed when the commercial mate- 
rial was dissolved in water was discharged by the use of an activated 
vegetable carbon furnished by the Polarimetry Section of this Bureau. 
The mother liquors from subsequent recrystallizations were colorless, 
Tests showed the presence of sulfate in the original material, but this 
impurity was removed by the first recrystallization. 

The potassium p-phenolsulfonate was assayed by measurement of 
the amount of bromine consumed under conditions such that two 
atoms of bromine were readily substituted and further substitution 
was negligible.* The sample (0.001 mole of the salt in 200 ml of 1M 
0 er grag acid) was brought to a temperature of 0° to 0.4° C and 
allowed to react with bromine (formed by the addition of a slight 
excess of a standard solution of potassium bromate and potassium 
bromide) for 15 minutes. The excess bromine was then determined by 
the addition of potassium iodide and titration of the iodine with thio- 
sulfate solution. Potassium bromate was used as a primary standard, 
and the thiosulfate solution was compared frequently with the bro- 
mate-bromide solution by means of blank analyses from which the 
potassium phenolsulfonate was omitted. 

Three bromometric analyses gave 100.03 +0.1 percent for the 
purity of the first preparation (employed for solutions Al to A9). 
The second preparation, from which the remaining buffer solutions 
were prepared, gave 100.09 +0.1 percent for the mean of three 
analyses. Three differential electrometric titrations of the first 
sample gave a mean of 100.08 percent, with an average departure from 
the mean of 0.2 percent. The blank correction was determined with 
Nile Blue A sulfate.* The electrometric end point was readily esti- 
mated to within 0.2 percent by graphical means, but a further un- 
certainty of nearly the same magnitude was introduced with the use 
of a blank correction. The results of the titrations of the phenol 
group with alkali must, therefore, be considered as only corroborative 
evidence of the purity of the salt. An error of 0.1 percent in the 
purity of the potassium phenolsulfonate introduces an error of 0.0009 
unit in pK. 


3 This method of analysis was adapted by E. E. Sager, of this Bureau, from the experimental conditions for 
the bromometric determination of furfural (15). The authors are indebted to Mrs. Sager for the purification 
and analysis by this method of the sample of potassium phenolsulfonate from which buffer solutions A1 to 
A9% were prepared. : 

‘The color range of this indicator (10.3 to 12.0) includes the pH at which the neutralization of the 
phenol is complete. The pH-titration curve of p-phenolsulfonic acid, determined electrometrically, indi- 
cates that a 0.04-M solution of disodium phenolate sulfonate has a pH of about 10.7. 
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The first preparation of phenolsulfonate was analyzed by the 
\Metal and Ore Analysis Section of this Bureau with the following 
wsults: carbon—34.02, 34.03 percent; hydrogen—2.40, 2.57 percent; 
sulfur—14.98 percent. The theoretical percentages of these elements 
are, respectively, 33.95, 2.37, and 15.10. 

Anhydrous potassium p-phenolsulfonate is the form of the salt 
stable at room temperature. When exposed to laboratory air of 
about 20- to 30-percent humidity, a dry sample absorbed 0.03 to 
0.05 percent of moisture. This water was readily lost at 110° C, 
and the salt was always dried at this temperature before the buffer 
lutions were prepared. ‘The use of temperatures higher than 110° C 
should be avoided. One sample was heated overnight at 170° C, and 
was found thereafter to give a positive test for sulfate. When the salt 
is heated in air at temperatures of 150° C and above, the odor of 
phenol is apparent. 

Sodium chloride was precipitated from its saturated aqueous 
lution with dry hydrogen chloride. The salt was then fused in 
platinum to remove occluded acid. It was fractured and bottled with- 
out grinding. 

A solution of sodium hydroxide was prepared by dilution of a 
50-percent alkali solution that had been centrifuged to remove 
the insoluble sodium carbonate. The diluted solution was kept in 


® : bottle lined with paraffin and was protected from the air by a guard 


tube of soda-lime. The solution was standardized frequently against 
acid potassium phthalate. The average deviation of the analyses 
was about 0.03 percent. 


1. PREPARATION OF THE BUFFER SOLUTIONS AND ELECTRODES 


All the solutions were prepared by weight methods. For each series 
of experiments, a stock solution was prepared from weighed amounts 
o{ sodium chloride, potassium p-phenolsulfonate, and sodium hydrox- 
ile solution. Ten dilutions of this stock solution were made in the 
manner described earlier by Bates and Acree [2]. The specific con- 
ductance of the water was usually less than 0.6107-* mho. For two 
series of experiments, the dilutions were made with a sodium chloride 
solution that had the same molality of salt as the stock solution. It 
was found that the cells attained equilibrium somewhat more rapidly 
when the solutions were vecureiad with hydrogen instead of with 
uitrogen. In the preparation of the phenolsulfonate buffers, carbon- 
lioxide-free air was passed through each solution flask while the dilu- 
lion was being made. The solutions were then freed of air by passing 
iydrogen through them for about 2 hours before the final weighings 
were made. The weights were corrected to a vacuum basis. * 

The hydrogen electrodes were prepared by a modification of the 
method of Popoff, Kunz, and Snow [16]. The platinum foils were 
plated lightly with gold and then electrolyzed for 90 seconds in a 
‘percent solution of chloroplatinic acid. The electrodes were cleaned 
by electrolysis in concentrated hydrochloric acid solution. The silver-: 
‘llver-chloride electrodes were considerably smaller than those de- 
scribed by Hamer and Acree [13] but were larger than the ‘‘semimicro” 
‘ype used by Bates, Siegel, and Acree [17] for electrometric titrations 
ia cell without liquid junction. About 65 mg of silver was formed 
y heating a paste of diver oxide at 540° C on a spiral of platinum 
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3 mm in diameter and 5 mm long. Approximately 20 percent of the 
silver was converted to silver chforide by electrolysis in 1-J/ hydro. 
chloric acid solution for 45 minutes with a current of 5 ma. 

Hydrogen and silver chloride electrodes were always freshly pro. 
pared for each series of experiments. The cells contained two ele. 
trodes of each kind. The silver chloride electrodes were checked {o; 
agreement in a 0.05-m solution of hydrochloric acid, and only thoy 
electrodes that agreed in potential within 0.06 mv were used. The 
“aging effect” of silver chloride electrodes, or change of potentig| 
during the first few hours after preparation, has been shown by Smit) 
and Taylor [18] to result from the slow diffusion of electrolyte int 
the pores of the electrode. Thick, adherent layers of silver chloride 
retard the diffusion and prolong the period of aging. To obviate 
errors due to concentration-polarization, all the cells were prepared 
at least 18 hours before measurements were made. 


3. RESULTS OF THE ELECTROMOTIVE-FORCE MEASUREMENTS 


The cells were usually filled in the late afternoon, kept at 25° ( 
overnight, and measured throughout the following day before the 
temperature of the water bath was lowered for the measurements at 
temperatures below 25° C on the third day. The measurements ir 
the range 25° to 60° C were made on the fourth day, and the temper- 
ature brought back to 25° C for a final check. The zero point of the 
thermometer was usually redetermined before each series of exper- 
ments was begun. Other experimental details are given in an earlier 
publication [2]. 

The electromotive forces, corrected to a hydrogen partial pressure 
of 760 mm, are given in tables 1 and 2, together with the molalities of 
potassium p-phenolsulfonate (m,), potassium sodium p-phenolate 
sulfonate (m2), and sodium chloride (ms) in each of the buffer solutions. 
The accuracy of the emf values is probably about +0.1 mv (+0.0017 
pH unit). It may be seen that the “buffer ratio”, m,/ma, is approx: 
mately unity for solutions of series A and series C, whereas the solt- 
tions of series B and D have a buffer ratio of about 2:3. In all the 
buffers that make up series C and D, the chloride molality (m;) was 
kept constant near 0.05. This device was advantageous in assuring 
reproducibility and rapid attainment of equilibrium of the silver 
chloride electrodes at low concentrations of the buffer salts. 


TABLE 1,—Electromotive forces of hydrogen—silver-chloride cells containing mixtures 
of potassium p-phenolsulfonate (m;), potassium sodium p-phenolate sulfone 
(ms), and sodium chloride (ms): series A and B 





























l 
Solution number ™ | ™3 ™s3 | Exo | Eso Eo Ew | Ew 

tn age Oa 0.09628 | 0.09744 | 0.09622 | 0.78744 0.79105 | 0.79460/ 0. 79807 | 0. 80156 
Mil . net benneed 05979 . 06051 . 05975 .79900 | .80295| .80674 .81048 | —«. Biild 
a ieee -04130 | .04180 | .04127 . 80826 | 81235} .81636| .82030|  .S2lt 
p * READ ERS et . 03070 . 03107 . 03068 . 81578 . 82003 . 82419 82830 | —. 83280 
| ee See ee . 016220 | .016416 | .016210 . 83202 . 83667 . 84118 . 84567 | 
PL ek RE BFE . 009425 | .009539 | .009419 . 84605 . 85091 . 85570 . 86040 
ph ae Pee eee .007710 | .007803 | .007705 . 85125 . 85633 . 86118 . 86604 
See ees . 005805 | .005875 | .005801 . 85848 . 86355 . 86858 . 87349 
BB ins ticcecidancads . 003703 | .003748 |} . 003701 . 86994 . 87525 . 88048 - 88565 | 

| 
flere et . 09780 . 09873 09761 . 78720 . 79081 . 79425 . 79766 | 
Meisbieldinerbeoobided . 06503 . 06565 . 06491 . 79700 . 80094 . 80464 . 80828 
1 elle ane . 05321 . 05371 . 05311 . 80197 . 80595 . 80975 | .81351 
pT eT ee . 03944 . 03982 . 03937 . 80949 . 81361 . 81762 «82152 
BM videntdnrnndiniged .017758 | .017927 | .017724 . 82977 . 83433 . 83874 | .84308 
ination miestenesue .016094 | .016248 | .016063 . 83223 . 83683 . 84128 84569 
RE ER - 008621 | .008703 | .008604 . 84818 . 85308 . 85785 | . 86256 
ee . 003723 | .003758 | .003716| .86964| .87496] .88016| .88529)| 
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TapLE 1.—Electromotive forces of hydrogen—silver-chloride cells containing mixtures 
of potassium p-phenolsulfonate (m;), potassium sodium p-phenolate sulfonate 
(m,), and sodium chloride (ms): series A and B—Continued 












































Solution number m ™s ms Ev Exo Eo E30 Em 

SiR 

ee ...---| .07306 . 09859 - 10110 . 79311 - 79682 . 80051 . 80410 - 80763 
B2..---- i. -nel pee . 06682 . 06851 . 80264 - 80642 . 81030 . 81413 . 81784 
ee _.-| 04269 . 05761 . 05907 . 80624 - 81010 . 81409 . 81798 . 82178 
Re ei . 02465 . 03326 . 03411 . 81995 . 82425 . 82847 - 83265 . 83676 
epee i LR etter mene wero: Yaka el “clea oe 
FEE ST 1010339 | 1013953 | :014307| .84216| .84604| .85162| .85621| 86075 
Bl. ....--2ee-| -006241 | .008422 | .008636| .85533| .86034| .86528| .87015| .87496 

Exe Ewe E45° Exo Eus0 Ese E459 Ewo 

sist. l..meiae 0.80500 | 0.80839 | 0.81169 0.81506 | 0.81833 | 0.82158 | 0.82482 0. 82808 
ees 81793 . 82157 . 82517 . 82878 - 83229 . 83583 . 83980 . 84278 
i Cee ae . 82815 . 83197 . 83577 . 83956 . 84329 . 84703 . 85072 . 85435 
OM ak aa - 84046 84441 . 84839 . 85224 . 85613 85993 86376 
ee 85445 85875 86730 | .87149| .87570 87983 88394 
AG TURE 86979 . 87434 87888 . 88343 . 88789 89234 89664 90104 
AT 87553 9 88501 . 88968 | 89879 90779 
Ag. 2 88813 89294 89771 - 90246 90715 91152 91617 
49 89589 | .90099 90597 91092 |. 91577 92060 . 93002 
Al0 80467 80807 81137 81461 81794 82118 82435 82760 
All | gab 81565 81928 82284 82641 82989 83335 83681 84024 
A12 oil 82109 82485 82852 83219 83578 83937 84292 84651 
1 aaa 82942 - 83332 83716 84101 84476 84851 85220 85590 
eS Sse eee * 85184 . 85611 86036 86461 86876 87290 87697 88105 
Alb... ..-..| ~85450 . 85886 . 86313 - 86742 . 87160 . 87576 . 87994 . 88410 
Al6 ee ee . 87657 . 88114 . 88571 . 89022 . 89469 . 89909 . 90363 
|’ ape eee te . 89555 . 90054 90559 91051 91541 92016 92488 92953 
B1.. «--=|) «8h1@0 . 81462 . 81811 . 82153 - 82491 . 82830 - 83163 . 83498 
) eet" . 82172 . 82541 . 82910 . 83272 . 83633 . 83993 . 84349 . 84706 
B3 nae osmiaenel) . 82963 . 83335 . 83702 . 84068 . 84438 . 84801 . 85165 
a anh aot | . 84097 . 84504 . 84902 . 85301 . 85697 . 86093 . 86474 . 86863 
eet Bes a SS RE , S Cees eee Hearn Sains. 
ee nereeesentl SEE, Fasickpbcnbinsnteknesbinussdenane TEAL, EE SET: i RN & 
re ee: . 87982 . 88470 . 88942 . 89386 . 89845 . 90310 . 90759 . 91205 








TaBLE 2.—Electromotive forces of hydrogen-silver-chloride cells containing miz- 
tures of potassium A ony gee (m), potassium sodium p-phenolate sulfonate 














(m,), and sodium chloride (ms): series C and D 

Solution number m1 m3 ms Exe Ese Eo E\s° Exe 
Ob. 4 0. 10283 | 0.09862 | 0.04977] 0.80179 | 0.80573 | 0.80932 | 0.81277] 0.81674 
C2... __.....} .08011 | .07636 -05003 | .80191 | .80579} .80951] .81318 . 81698 
aciss <taeaouaall ee - 06118 - 05003 . 80212 . 80603 . 80987 , 81360 . 81731 
C4 _......| .05087 | .04849 -05003 | .80223| .80617} .81003} .81382 . 81757 
OR css hcasassigitediine 03578 | .03411 .05003 | .80243| .80657] .81047] .81428 . 81806 
EE SE 015343 | .014625 | .05003| .80331] .80733]| 81124] .815U8 . 81884 
{ees ORE. . 009787 . 009329 - 05003 - 80392 . 80797 . 81194 . 81583 . 81967 
Di.......--ccesewcaht- see: see 04822 | .81342| .81752| .82151| .82544 . 82936 
D2. . _-aseeeee| - 04580 | .06834 04824 | .81353| .81761 82166 82566 82964 
D3 éiecnteel 03314 04945 04824 81384 81800 82208 82609 83006 
D4 Bet 04002 04825 81404 81823 82235 82638 83034 
D5 _...| .02193 03272 04826 81423 81849 82263 82663 
D6 _....| .012187 | .018186 04826 81471 81899 82312 82715 83117 
DT «i diieace scene 0 04827 81542 | .81967 82383 | .8 83198 
PE RES aaah 008958 04827 . 81543 . 81961 82378 82788 83189 
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IV. CALCULATION OF THE SECOND DISSOCIATION con. 
STANT AND RELATED THERMODYNAMIC QUANTITIEs 
FROM 0° TO 60° C 


In the search for the proper extrapolation function, the negative 
logarithm of the apparent dissociation constant, pA2, was com- 
puted for solutions Al to A9 from eq 6, which comprises the Debye. 
Hiickel limiting law. Examination of curve A of figure 1 shows tha; 
it would be difficult to obtain an accurate pK, value by extrapolation 
to infinite dilution with the use of eq 6. Equation 7 gave values of 
pK, which, plotted as a function of ionic strength, lend themselves 
to an easy extrapolation. Curves B, C, and D, figure 1, were com- 
puted from eq 7 with a, values of 4, 8, and 10 angstrom units, respec- 
tively. Corrections for hydrolysis by eq 9, 10, and 1la were made 
in all cases. 

The use of 8 A was found to yield a straight line for the 4 series of 
buffers at each of the 13 temperatures. The error in establishing q, 
is estimated to be less than +0.2 A. The slopes of these lines (8 in 
eq 7) decreased with increasing temperature. The extrapolations of 
series A and B solutions followed a common course, in spite of the 
different buffer ratios involved. The 8 slopes for the two series 
(C and D), in which constant chloride molality was maintained, 
differed from each other, but 8 for series C was identical with the 
common slope of series A and B at all temperatures except 0° and 5° C. 


TABLE 3.—Numerical values of 3A, 8B, and B from 0° to 60° C 
































“ 
| 8 
t 34 | 8B ead td sank | 
| A veins 5 Series C | Series D 
°C | j 
0 1.467 | 2.602 0. 082 0.089 | 0.100 
5 1.478 | 2.609 075 1083 | .093 
10 1. 490 2. 616 070 070 083 
15 1. 503 2. 623 : 066 : 066 081 
20 1. 516 2. 631 060 : 060 073 
25 1. 529 2.638 | .057 057 069 
30 1. 544 2.647 | .051 ‘051 ‘061 
35 1. 559 2.656 | 1049 049 - 060 
40 1. 575 2.664 | .044 .044 | .054 
45 1. 591 2. 674 | 041 | (041 | = 053 
50 1.607 | 2682 | .039 | .039 050 
55 1.625 | 2.603 | .o41 | ‘04 055 
60 1. 643 2.702 | [038 038 052 
5 
The values of 8 for all four series of solutions at the 13 temperatures 


are given in table 3, together with the values of 3A and 8B. With 
the use of these constants and parameters, pK, the thermodynamic 
dissociation constant of the phenol group, was computed from eq /. 
The mean value of pK, for each group of solutions is given in table 4. 
The seventh column of the table lists the average value for the five 
groups, weighted equally. Values of the dissociation constant, 
k,, and of Ky/K, are given in the last two columns. The use 0! 
Ky/K, for approximate hydrolysis corrections will be described later. 
The uncertainty ascribed to pK; represents the mean departure of all 
39 measurements from the average value. All the values at 0°, 25, 
and 60° C are shown in figure 2, and the average pK; values are plotted 
as a Junction of temperature in figure 3. 
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Figure 1.—Eztrapolation of the electromotive force data solutions Al to A9. 
Curve A is calculated from eq 6; curves B, C, and D were computed from eq 7 with a; values of 4A, 8A, 


and 10A, respectively. 
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Figure 2.—Negative logarithm of the second dissociation constant at 0°, 25°, and 
60° plotted against ionic strength. 


The average values of pK, were fitted to the equation of Harned 
avd Robinson [19] by the method of least squares. The following 
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expression was found to represent pK, at the 13 temperatures, with HB + 


















































an average deviation of 0.0004 unit: a8 
pK,=1961.2/T—1.1436+0.0121397, (2) 
where T is in degrees Kelvin. TA 
ee ee ee ee eee 
9.35 4 
930+ fe 
925+ 4 
920}- B 
9.1S-—- nl 
9.10-- = 
K 
P 
. 9.05}- a 
9.00}- 4 
8.95|- 4 
8.90}- 2 
8.85}- a 
880}- di 
| | ] | ! i | | f | i i I 
0 5 10 & 2 2 30 35 40 45 50 55 60 of 
TEMPERATURE °C the 
Figure 3.—Plot of pK, as a function of temperature. he 
Sec 
TaBLE 4.—Summary of the values for pK, and Ky from measurements of five groups at 
of solutions at temperatures from 0° to 60° C iti 
| ao tal 
pKa th 
t 2 K2X10" | Ke/ KX! me 
Tt he — i Series B | Series C | Series D Average an 
" | i—— ph 
EE = qu 
0 9. 3519 9. 3521 9. 3530 9. 3513 9. 3508 9. 352 +0. 0014 4.45 | 0.258 : 
5 | 9.2849 9. 2846 9. 2836 9. 2837 9. 2829 9. 284 +0. 0014 5.20 | . 308 Cel 
10 9. 2210 9. 2202 9. 2198 9. 2205 9. 2195 9.220 +0. 0015 6.03 . 485 th 
15 9. 1621 9. 1603 9. 1608 9. 1594 9. 1591 9.160 +0. 0015 6.92 | . 652 
20 9. 1064 9. 1054 9. 1048 9. 1046 9. 1038 9.105 +0. 0015 7.85 | . 86 
25 9. 0540 9. 0530 9. 0528 9.0516 9.0514 | 9.053 +0.0013 8.85 | 1.138 Sec 
30 9. 0062 9. 0054 9. 0063 9. 0035 9. 0044 9.005 +0. 0017 9.89 | 1,489 ar 
35 8. 9627 8. 9613 8. 9622 8. 9596 8. 9600 8.961 +0. 0017 10. 94 | 1,910 
40 8.9225 | 8.9212 | 8.9207 | 8.9191 | 8.9205 | 8.921 +0.0017 12.00 | 243 Tl 
45 8. 8847 8. 8837 8. 8832 8. 8825 8. 8822 8.883 +0. 0017 13. 09 | 3. 07 ac 
50 8. 8507 8. 8491 8. 8494 8. 8481 8. 8482 8.849 +0. 0018 14.16 | 3, 87 qu 
55 8. 8172 8. 8158 8. 8158 8. 8146 8. 8148 8.816 +0. 0017 15. 28 4,77 
60 8. 7883 8. 7872 8. 7872 8. 7863 8. 7859 8.787 +0. 0018 16. 33 5, 89 laa 
om : fr 
The changes of free energy, AF°, of heat content, AH’°, of entropy, (9 
AS°, and of heat capacity, AC?, which accompany the dissociation of hi 
1 mole of the phenolsulfonate ion in the standard state were computed @% 
from the numerical values of the constants of eq 12 by means of the an 
equations given in the paper of Bates and Acree [2]. These quantities fo 
are listed in table 5. For convenience, they are given both in calories 
and in international joules. One calorie has been taken as 4.183: ‘ 
international joules [20]. ac 


The pK, values are thought to be correct within +0.002 unit. The & , 
uncertainty in AF° introduced by the uncertainties in pK, is about 
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‘ith HE 3 cal. The value of AS° may be in error by 0.3 cal deg™'. A combi- 
nation of these errors in entropy and free energy gives an estimated 
uncertainty of about 70 cal for AH® and 4 cal deg for AC}. 


TaBLE 5.— Thermodynamic data for the second dissociation of p-phenolsulfonic acid 
from 0° to 60° C 




















t | AF° AH? AS° AC$ 
°C int j cal int. j cal int.jdeg -!| cal deg-! \int.jdeg- | cal deg- 
0 | 48,896 11, 688 20, 202 4,829 —105.0 —25.1 —127 —30 
5 | 49, 428 11, 815 19, 561 4, 676 —107.4 —25.7 —129 —31 
10 49, 970 11, 945 18, 909 4, 520 —109.7 —26.2 —132 —31 
15 50, 525 12, 078 18, 245 4, 361 —112.0 —26.8 —134 —32 
20 51, 091 12, 213 17, 570 4, 200 —114.4 —27.3 —136 —33 
25 51, 668 12, 351 16, 883 4, 036 —116.7 —27.9 —139 —33 
30 §2, 257 12, 492 16, 185 3, 869 —119.0 —28.4 —141 —34 
35 52, 858 12, 635 15, 474 3, 699 —121.3 —29.0 —143 —34 
40 | 53,471 12, 782 14, 752 3, 526 —123.7 —29.6 —146 —35 
45 | 54, 094 12, 931 14,019 3, 351 —126.0 —30. 1 —148 —35 
| 
50 | 54.730 13, 083 13, 274 8, 173 —128.3 —30.7 —150 —36 
55 | 55,377 13, 238 12, 517 2, 992 —130.6 —31.2 —152 —36 
60 56, 036 13. 395 11, 749 2, 809 —132.9 —31.8 —155 —37 




















Unfortunately, there has been no direct calorimetric determination 
of the heat of dissociation of phenolsulfonate ion for comparison with 
that calculated by differentiation of the emf data. The change in 
heat capacity, AC}, is smaller than the corresponding value for the 
second dissociation of phosphoric acid (—33 cal as compared with 

ips We —54 cal). AC is the difference between the sum of the heat capac- 
ities of the products and that of the reactants when the dissociation 
takes place at infinite dilution. Since the hydrogen ion is common to 
the dissociation of both acids, this difference of 21 cal in AC} must 
‘i* @% mean that the specific heats of the univalent and bivalent phosphate 
anions differ by a larger amount than do the specific heats of univalent 
phenolsulfonate and bivalent phenolate-sulfonate anions. This re- 
quirement is entirely reasonable, in view of the relatively large con- 
centration of negative charge on the HPO? ion and the probability 
that the phenolate-sulfonate ion exists in two electromeric forms, 

The changes in heat capacity and entropy that accompany the 
second dissociation of six dibasic or polybasic acids at infinite dilution 
are given in table 6. The acids are listed in order of increasing pK. 
The entropy changes for the second dissociation of all six of these 
acids are 30 +5 cal at 25° C. Any theoretical interpretation of these 
quantities must, however, await the time when accurate data for a 
large number of acids are available. 

The AC? value for sulfuric acid given in table 6 was computed 
fom calorimetric data. The measurements by Randall and Taylor 
(23] of the heat capacities of solutions of sulfuric acid at concentrations 
high enough to avoid appreciable influence of the second dissociation 
of the acid were plotted as a function of the square root of the molality 
and were extrapolated to zero concentration. In this way, 6 cal was 
“ found for the sum of the heat capacities of hydrogen and bisulfate ions 
‘ at infinite dilution. Combination of this value with the heat capaci- 
lies at infinite dilution of potassium sulfate [24] and of hydrochloric 
r acid and potassium chloride [25] gave AC; for the second dissociation 

of sulfuric acid. 


id 
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TABLE 6.—Eniropy and heat-capacity changes for the second dissociation of ceria ce 

acids at 25° C pue. 

Es 

. ; apa 

, AS? cal AC’, cal me ape 

Acid | deg -1 | dex 2a Reference olut 

Pretec ee ee 0 

Sa aes —26.3 «—73 | Pitzer [21].4 they 

oe ehoais b—~24.8 | —59 | Harned and Fallon {22}. . 

SS See —30.0 —61 | Hamer, Burton, and Acros |r om] 

Phosphoric. ----- =i es | c—29.6 e—45 | Bates and Acree [2]. 

p-Phenolsulfonic- - -- -- a —27.9 —33 | Bates, Siegel, and Acree, 

Cearnenie.........- : Hn : —35. 2 |_- Pitzer [21].4 ABL 








- sod 
* Calculated by the authors from the data on the heat capacities of sulfuric acid solutions given by p, — 
dall and Taylor [23], together with the heat capacities at infinite solution of potassium sulfate (Randall yy 
Rossini [24]) and of hydrochloric acid and potassium chloride (Rossini [25]). 7 
b Calculated by the authors from the data of Harned and Fallon [22]. Solut 
e The values of Nims [26], recalculated by Bates and Acree [2], are, respectively, —30.2 and —45, Pj 
[21] gives —30.3 as the standard entropy change for the second dissociation of phosphoric acid. 
4 Pitzer [21] measured the heat of ionization and computed the entropy from the thermodynamic relstiy - 
AS°=(AH°—AF®)/T. For the dissociation of bisulfate and bicarbonate ions, AF° at 25° C was taken jp 
the emf measurements of Hamer [27] and of MacInnes and Belcher [28], respectively. 


V. pH VALUES OF PHENOLSULFONATE SOLUTIONS 


1. CALCULATION OF THE pH VALUES FROM ELECTROMOTIVE. 
FORCE MEASUREMENTS 


The pH value of each buffer solution was computed directly frog" 
the emf by eq 8, with the use of an a, value of 8 A the 8 values givagi 
in table 3. The pH values are listed in tables 7 and 8. The change di; 
pH with temperature of four buffers of series A is shown in figugmm 
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Figure 4.—pH values of four phenolsulfonate-chloride solutions plotted as a func” 
of temperature. 


Curves A, B, C, and D represent, respectively, solutions A8, A5, A3, and Al. 
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4 Curves A, B, C, and D represent respectively solutions A8, A5, A3, 
and Al. 

Each of these solutions is a suitable standard for pH. The buffer 
apacity of the most dilute buffers, however, is fairly low. These 
olutions are more susceptible to errors in pH caused by the absorption 
pf carbon dioxide from the air, by alkali from glass bottles in which 
they may be stored, and by dilution than are the buffers whose 
omponent salts are at least 0.01 m. 


4BLE 7.—pH values of mixtures of potassium p-phenolsulfonate (m,), potassium 
sodium p-phenolate sulfonate (mz), and sodium chloride (m3): series A and B 































































Be | | 
4 ay | | pH 
Solution number | m: | m2 | ms < -~Saune ao "Ql aoe a a TT: 
Pity | 0° 5° | 10° 15° 20° 
| 
| _.| 0.09628 | 0.09744 | 0.09622 8. 992 8. 923 | 8. 857 8. 795 8. 738 
A? | .05979 . 06051 . 05975 9.024 8.956 | 8.889 | 8.828 8. 770 
| 04130 | 104180 | .04127 9.051 8. 981 | 8.915 | 8.854 8. 796 
{ . 03070 . 03107 . 03068 9.072 9.003 | 8, 937 | 8. 876 8.818 
016220 | .016416 | .016210 9. 116 9. 048 8.982 | 8.922 8. 865 
.009425 | .009539 | .009419 9. 154 9. 085 9.025 | 8.959 8. 901 
.007710 | .007803 | .007705 9.168) 9.101} 9.035 | 8. 975 8.918 
.005805 | .005875 | .005801 9.184} 9.115} 9.050} 8.989 8. 932 
. 003703 | .003748 | .003701 9.210| 9.141} 9.076 | 9.016 8. 958 
. 09780 . 08873 . 09761 8.993 | 8.924 | 8.856} 8.793 8. 738 
. 06503 . 06565 . 06491 9.019 | 8.952] 8.884] 8.822 8. 764 
. 05321 . 05371 . 05311 9.033 | 8.964] 8.897] 8.835 8.777 
. 03944 . 03982 . 03937 9.055 | 8.985} 8.919] 8.856 8.799 
.017758 | .017927 | .017724 9.110| 9.041} 8.975} 8.913 8. 856 
016094 | .016248 | .016063 9. 116 9.047 | 8.980 | 8. 919 8. 861 
008621 | .008703 | .008604 9. 156 9.087 | 9.021 | & 960 8. 903 
. 003723 | .003758 | .003716 9.206 | 9.1388} 9.072 9.012 8. 955 
. 07306 . 09859 . 10110 9. 120 9.051 | 8.985 | 8. 923 8. 866 
. 04951 . 06682 . 06851 9.148} 9.076} 9.010} 8.949 8. 890 
. 04269 . 05761 . 05907 9.157} 9.085} 9.019| 8.958 8. 899 
. 02465 . 03326 . 03411 9.199} 9.124} 9.058} 8.997 8. 939 
.012009 | .016207 | .016618 |___- Be Ree bxcerstry Hastie ai 
.010339 | .013953 | .014307| 9. 254 9. 185 9.120} 9.058 9. 000 
006241 | .008422 | . 008636 | 9. 292 9.222 | 9.157 9. 096 9. 038 
| | | | 
pH 
| 
25° 30° 35° 40° | 45° 50° ot | | OP 
8.682 | 8.633 | 8.585 8. 542 8. 502 8. 464 8. 427 8. 395 
8.715 | 8.665| 8.618 8. 575 8. 535 8. 498 8. 461 8. 429 
8. 741 | 8.691 | 8.644 8. 601 8. 561 8. 524 8. 489 8. 456 
8. 763 8.713 | 8.667 8.624 | 8.584 8. 547 8. 511 8.479 
8.810 | 8. 760 8.714 8. 671 8. 630 8.594 | 8.558 8. 526 
8.848 | 8. 797 8.751 8. 709 8. 669 8.632 | 8.505 8. 564 
8.863 | 8,816 8. 769 8. 727 8. 687 8.651 | 8.616 8. 584 
8.878 | 8.828 8. 783 8. 740 8. 701 8.664 | 8.625 8. 504 
8. 904 | 8. 856 8.810 8. 767 8.726 | 8. 689 8. 652 8. 618 
8.682 | 8.633] 8.585 8. 541 8. 501 8. 463 8. 425 8. 393 
8. 709 8.660 | 8.613 8. 570 8. 530 8. 492 8. 455 8. 423 
8. 722 8. 673 8.626 | 8.583 8. 543 8. 506 8. 469 8. 438 
8.744 | 8.695 8.648 | 8. 606 8. 565 8. 529 8. 492 8. 460 
8.802 | 8.752 8.706 | 8.664 | 8. 62: 8. 587 8. 551 8. 519 
8.807 |; 8.7 8.711 | 8.669/ 8.628 8. 591 8. 556 8. 525 
8. 850 | 8. 797 8.751 | 8. 708 | 8. 669 8. 632 8. 596 8. 566 
8.900 | 8.850 8.806 | 8.762} 8.722 8.683 | 8. 647 8.613 
| 
| 8.810] 8.759 8.713 | 8.668 | 8.620 8. 592 8. 554 8. 522 
8.836 | 8. 786 8. 740 8.696 | 8. 656 8.619 8. 583 8. 551 
8.847 | 8.798 8. 750 8.706 | 8. 666 8. 629 8. 593 8. 561 
8. 885 8. 835 8. 787 8. 744 | 8. 704 8. 667 8. 630 8. 598 
BR oon thi dna pcncauhonminnssgad 6b6l abcd deo «nebiopinn-ad ye CREE? CAE uP 
| BET tess A ik yea, ete | Shee stew agile 
- 8. 984 | 8. 936 | 8. 890 | 8.843 | 8.802 | 8. 766 | 8. 730 8. 697 
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TaBLE 8.—pH values of mixtures of potassium p-phenolsulfonate (m), potassium 
sodium p-phenolate sulfonate (m2), and sodium chloride (ms): series C and D 
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The reproducibility of the pH values in the tables is about +0.002 
unit, an amount which corresponds with an uncertainty of 0.12 my in 
emf. This uncertainty may be divided between experimental error 
in emf (+0.001 unit, or 0.06 mv) and errors in the molalities of the 
solutions, resulting from accidental errors in the preparation of the 
solutions and from unrecognized impurities (+ 0.001 unit). A further 
uncertainty of 0.001 unit is introduced with E° andk. The estimated 
uncertainty of 0.2 A in a, corresponds to about 0.002 unit in pH for 
the most concentrated solution studied, but this error diminishes 
rapidly as the ionic strength is lowered. It is impossible at preseut 
to estimate the absolute accuracy of a pH value. The validity o! 
the assumption upon which the calculation of the activity coefficien' 
of chloride ion rests has not been established. 


2. STANDARDIBUFFERJSOLUTIONS 


For the computation of the pH values of phenolsulfonate-chloride 
solutions other than those actually studied in this investigation, !t 8 
convenient to employ the equilibrium expression for the second dis 
sociation in the logarithmic form, with the substitution of eq 3 fot 
each activity coefficient: 


pH=pK,—log (mups/mp)—3AVu/(1+8Byx). 
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The correction for hydrolysis is made quite readily by means of eq 9; 
Mon for use in this equation is obtained from the stoichiometrical 
ratio, ™/m2, Of potassium p-phenolsulfonate to potassium sodium 
p-phenolate sulfonate by means of the approximation: 


Mon © (KwK2)/(m,/mz2). (14) 


This expression can be used with an error of less than 0.001 pH unit 
for all solutions in which the molality of each of the buffer salts exceeds 
0.01. The values of pK., 3A, 8B, and Kw/K> are found in tables 3 
and 4, and w is computed from eq 11. 

The pH values computed from eq 13 will be consistent within 
+(.002 unit with the emf measurements, if the buffer solutions meet 
the following requirements: (a) the ratio m,/m, is between 2/3 and 1, 
(b) the molality of sodium chloride, mg, is either approximately equal 
to the molality of potassium sodium p-phenolate sulfonate, m2, or is 
0.05, and (c) the temperature is between 0° and 60° C. The change of 
pH with temperature is larger, in general, for alkaline buffers than 
foracid buffers. For a change of 5 degrees, the last term on the right 
of eq 13 changes less than 0.003, whereas the molality term remains 


| practically unaltered. The change in pH is, then, substantially the 


sume as the change of pK, with temperature, or about 0.01 pH unit 
er degree. 

The pH values at 25° C of the 17 buffer solutions of series A have 
been calculated by eq 13 and are compared in table 9 with those 
computed by eq 8 from the individual emf values. The average 
difference between the two sets of pH values is less than 0.001 unit. 
It should be emphasized that this agreement does not establish the 
validity of the assumptions discussed earlier in this paper. It 
demonstrates, however, the applicability of eq 3 to the experimental 
data. 


TaBLE 9.—Comparision of pH values for series A buffers at 25° C calculated from pK, 
(eq 13) with those derived from the emf by eq 8 








| 
Solution number | a 


r | pH | F pH 
13) | (eq 8) | Solution number (eq 8) 





| 
8. 683 , 8. 682 
8. 709 
8.7 

8.744 
8. 802 


8, 850 
8. 900 




















8. 903 





In the practical determination of pH by electrometric methods, the 
electrode system is: usually standardized by means of buffer solutions 
of known acidity. Phenolsulfonate solutions are most satisfactory 
‘s pH standards when the molality of each constituent of the buffer is 
between 0.01 and 0.05. With the use of eq 13, the pH values of a 
phenolsulfonate buffer in which the molalities of the phenolsulfonate, 
phenolate sulfonate, and chloride ions are each 0.025 have been 
computed and are given in table 10. This solution is prepared most 
conveniently by dissolving 0.05 mole (10.613 g) of potassium p-phenol- 
sulfonate and 0.025 mole (1.461 g) of sodium chloride in sufficient 
carbonate-free sodium hydroxide solution to contain 0.025 mole of 
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alkali. The solution is then diluted with freshly boiled water to , 
volume of 1,000 ml. These directions yield a buffer solution in which 
the component salts are each 0.025 molar, instead of 0.025 molal 
This difference of about 1 percent in concentration of each constituen; 
is entirely permissible for, as table 7 shows, a dilution of 1 percent 
changes the pH value of such a buffer by less than 0.001 unit. 


TABLE 10.—pH values of the buffer solution composed of potassium p-phenolsulfonate 
potassium sodium p-phenolate sulfonate, and sodium chloride, each at a molality 
of 0.025 


8. 676 
8. 633 
8. 593 
8. 556 
8. 520 
8. 488 
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If a precision of +0.002 pH unit is desired, the purity of the pheno- 
sulfonate must be assured either by analysis and recrystallization, if 
necessary, or by the use of a certified sample. Whereas an inert im- 
purity present in amounts less than 0.6 percent will alter the pH by 
less than 0.002 unit, the presence of half that amount of free phenol- 
sulfonic acid, for example, is sufficient to change it by the same margin, 
It is unlikely that the small amounts of phenol and potassium bisulfate 
formed by the hydrolytic breakdown of the salt at 110°, or in solution 
at the higher temperatures (40° to 60° C), would have a large effect 
on the pH value. 

These standard buffer solutions should be protected carefully from 
contamination with carbon dioxide. They are best preserved in 
bottles of alkali-resistant glass. Until the stability of phenolsulfonate | 
solutions has been thoroughly investigated, these buffers should be 
protected from direct sunlight and should be renewed frequently. 


The authors are indebted to E. E. Sager for the purification of 
portion of the potassium phenolsulfonate, to C. G. Malmberg fo! 
measuring the conductance of the water used in the preparation 0! 
the buffers, and to K. D. Fleischer for the carbon, hydrogen, anc 
sulfur analyses of the salt. 
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X-RAY PATTERNS OF HYDRATED CALCIUM SILICATES 
By Howard F. McMurdie and Einar P. Flint 





ABSTRACT 


X-ray powder diffraction data of 15 hydrated calcium silicates are reported as 
, supplement to a previously published report on the formation of these com- 
mounds. ‘These data may be useful to workers on portland cement hydration, 
oiler scale, ete., for the identification of phases. 


CONTENTS 


1; Introdweii@is 3 eid Ss a ons ee ee se 
II. Methods and sources of materials. —_ _=-...-......-.------------- 
II. Results 


I. INTRODUCTION 


Some years ago a report ' was published on the hydrothermal syn- 
esis of hydrated calcium silicates. In the course of that study the 
rystalline products of hydrothermal action were identified in part by 
ans of X-ray powder patterns. While the patterns made then were 
satisfactory for the purpose, they were not considered sufficiently 
sharp and accurate to justify measuring and reproducing the resultant 
lata in the paper. 

Since that time, however, there has been considerable interest in 
he hydrated calcium silicates because of their occurrence in the hydra- 
ion products of portland cement, in boiler scales, etc. Therefore, the 
patterns of the compounds were remade on more modern equipment 
nd the data are given here. 


Il. METHODS AND SOURCES OF MATERIALS 


Of the 15 calcium silicate hydrates considered here seven occur as 
hatural minerals, and these natural minerals were used to prepare the 
patterns. The other eight compounds were formed as described in 

¢ paper referred to above.’ 

Table 1 gives the source of the minerals and the starting material 

@ 1d subsequent treatment of the synthetic preparations. The experi- 
her P. Flint, Howard F. McMurdie, and Lansing S. Wells, Formation of hydrated calcium silicates at 
ith omper atures and pressures, J. Research NBS 21, 617 (1938) RP1147. 


nth he original paper, table 11, the compound 10Ca0. 5SiO2. 6H2O is indicated as not being obtained 
rlluetically, This is an error. It was made synthetically; in fact, it has not been found as a mineral. 
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ment numbers from the previous paper are also given and in tha 
paper a complete discussion of the methods used is presented. Somp 
of these phases were made at the time of the previous study, others 
were remade, and all were examined with the petrographic microscop: 
to assure reasonable purity. 

The patterns were registered with cameras of about 5.7-cm radius 
using CuKa radiation. 


TABLE 1.—Origin of materials used in making the X-ray patierns 
A. MINERALS 








Mineral Composition Place of origin 


Okenite___ 
Gyrolite 

Xonotlite. - 
Crestmoreite_- -_ _- 
Foshagite _ - - 
Afwillite__.__.___- 
Hillebrandite _- 


CaO. 28i03. 2H20-- 


2Ca0. 38i02.2H:0_____- 


5CaO. 58iO2. H20-_- - 


2CAO. 28i02. 3H20--_- 


5CaO. 38i03. 3H20__ 
3Ca0O., 28i03. 3H20__- 


2CaO. SiOz. H20-_--__- 


..| Discos Island, Greenland. 
| Benkoelen, Sumatra, Netherlands East Indies 


Isle Royale, Mich. 


| Crestmore, Riverside County, Calif. 


Do 


Dutoitspan Mine, Kimberley, South Africa 


....-| Velardena District, Durango, Mexico. 





B. SYNTHETIC PREPARATIONS 








Method of preparation 


Composition | 
Starting material | yt Pressure 





| 4 OY 

4CaO. 58i02. 5H20_________| 0.80C a0. SiO: aq_- 225 | 
Cad. SiOs. H20-____- CaO. SiOs aq_--- 150 
6Ca0. 48i02. 3H20-- ...| B2CaO. 8iOz_____- ‘ 25 
2Ca0O. SiO». H:0¢___- _.| 2Ca0. 8103 aq__- | 225 
2CA. OSiOs. B20 4__ 82Ca0. 8iO2____- 250 
10CaO. 5SiOz. 6H20-- | B2CaO. SiOz... . 200 
6CaO. 38i02. 2H20-_- | 10CaO. 5Si03. 6H20_ _- 450 
3CaO. SiO. 2H20___- | 3CaO. SiOg_._--_- 250 

« Experiment numbers from previous paper (J. Research NBS 21, 617 (1938) RP1147). 

b Later treated at 175° C in bomb for 41 days. 


° Index of refraction = 1.60. 
4 Inaex of refraction= 1.64. 


14 days... 
60 days... 
10 years b__ 
44 days... 
15 days 

3 days-- 

7 days 

12 days-..- 








III. RESULTS 


Table 2 gives the interplanar spacings (d) and estimated relative 


intensities for 15 calcium silicate hydrates. These compounds all 
have symmetry which is orthorhombic or lower; therefore, it is all 
but impossible to index the reflections. 
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TABLE 2.—Diffraction data of 15 hydrated calcium silicates 
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TABLE 2.—Diffraction data of 16 hydrated calcium stlicates—Continued 


! 

» . | | 
Estimat- Estimat-| Estimat- stimat-} 
ed | in- ed ! in- ed ! in- ed | in- 
tensity tensity tensity tensity 








2CaO.SiO2.H20 10Ca0.58i02.6H20 |} 6CaQ.3Si02.2H:0 |} iCat 2.2H20 
(n=1.64)—Con. —-Continued —Continued —Continued 











Vw 
Vw 


1. 406 
M 1. 270 


| A 


SEVss~ 


3CaO.Si02.2H:0 


gggens* 


732 
656 
540 
264 
170 
156 


Senxesaese™ 
~I@ 
BSILz 





Pt et et pt mae BBB 
SSS 
SER 


10Ca0.5S8102.6H20 


Pee erm NM NIN hot to 
i] 
J 
a 








DORON N DN PW Wy ww coO9 








DOS CoGT OH 
~] on om 
VSSERSLeS 
me et et et et et et et et 
pil pes pa vas see ub pucpernts ol 
































18, strong; M, medium; W, weak; V, very; B, broad. 


The authors are indebted to W. F. Foshag and C. P. Henderson, of 
the U. S. National Museum, for samples of the naturally occurring 
minerals. 


WASHINGTON, June 29, 1943, 
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| STRUCTURE OF THE WOOL FIBER AS REVEALED BY THE 
ELECTRON MICROSCOPE 


By Charles W. Hock! and Howard F. McMurdie 


ABSTRACT 


An investigation of the wool fiber with the electron microscope was undertaken 
in order to get more data on the structure of the fiber and its constituent cells, 
and to correlate this information with results previously obtained by other 
methods. Specimens were prepared for examination by various physical and 
chemical procedures. 

Over a wide range of magnifications the cortical cells always showed a distinctly 
fibrous structure. Whereas with the optical microscope only fibrils were observed 
| within the cortical cells, the higher resolving power of the electron microscope 
' made possible the resolution of still finer microfibrils. The scale cells, on the 
other hand, showed little internal organization. This difference in structure 
between the fibrous cortex and the nonfibrous or amorphous cuticle is believed 
to be of fundamental importance in interpreting many of the properties of the 
fibers. 


CONTENTS 


. Introduction 
. Apparatus and materials 
1. The electron microscope 
2. Samples of wool 
Preparation of specimens 
. Results and discussion 
1. Structure of the scale cells 
2. Structure of the cortical cells 
. References 


I. INTRODUCTION 


Wool fibers are not simple homogeneous structures but consist of 
various parts and layers that become apparent under suitable condi- 
tions of observation. Thus a growing wool hair is found to have a 
bulbous root situated below the surface of the skin and a filamentous 
shaft that extends above the skin surface. The shaft, in turn, is 
made up of dead cellular units which are arranged in three layers—an 
outer layer of scales (cuticle), a middle region called the cortex, and 
4 central core, or medulla. The medulla, which, in the finest grades 
of wool, is either very narrow or absent altogether, is not believed to 
contribute appreciably to the mechanical properties of the fibers, 
and attention accordingly has been directed largely to an understand- 
ing of the structure of the scale and cortical cells. The scales are 
restricted to a thin layer which constitutes the outer surface of the 
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fiber, whereas the cortex, either in the form of a solid or a holloy 
cylinder, depending on the extent of medullation, makes up the bulk 
of the fiber. A more detailed discussion of the microscopy of woo 
may be found in publications by Kronacher and Lodemann ||): 
Von Bergen [2], Von Bergen and Kraus [3], Reumuth [4], Miiller {5} 
Hock, Ramsey, and Harris [6], and others. 
The principal chemical constituent of wool is keratin, a protein 
consisting essentially of long polypeptide chains connected laterally 
by disulfide cross-linkages {7, 8, 9, 10,11]. Although both the cuticl 
and cortex appear to belong to this same general class of proteins 
there is abundant evidence from various lines of investigation which 
indicates that there are, nevertheless, certain differences betwee, 
them. For example, when wool is treated with enzymes the fibers are 
attacked first at their cut ends, where the enzymes have, presumably, 
easier access to the fiber. Prolongation of this treatment, moreover, 
causes the cortical cells to become separated from each other and 
ultimately released from the fiber, whereas the scales remain practi- 
cally intact in the form of a hollow tube [6, 12]. Similarly, treatment 
of wool with reagents that cause swelling, such as sodium sulfide, 
shows that the scales are, as a rule, more resistant than the cells of 
the cortex [13, 14]. Likewise, it has been reported [15] that the 
passage of solutions of acid dyestuffs into the fiber is resisted by the 
cuticle. A consideration of staining and dyeing also reveals other 
differences between the scale and cortical layers. For example, when 
wool cells which have been separated by acids, alkalis, or enzymes, are 
treated with dyes such as methylene blue or orange II, only the 
cortical cells have any affinity for the stains [16, 17]. In like manner 
the work of Royer and Millson on dyed wool [18] shows that the ends 
of the fibers, which are not protected by scales, take up dye mor 
rapidly than do intermediate parts of the fiber. This phenomenon 
is the basis of a number of tests for damage, in which the cortex colors 
only where previous injury to the scales allows entry of the test 
reagents [19, 20, 21]. A further difference between the scales and 
cortical cells is revealed by the Allwérden reaction, in which the 
scales, unlike the cells of the cortex, swell up into little sacs whien the 
fibers are placed in a saturated aqueous solution of chlorine [22]. 
The most detailed information concerning the structure of the 
various types of wool cells is available as a result of investigations 
with the optical microscope. Using this technique, the principal di 
ference between the cortical cells and the scales is the fibrous appeal: 
ance of the former and the uniform or amorphous appearance of the 
latter—a difference which may be of fundamental importance. Since 
the dissimilarities in chemical composition of the cuticle and cortex 
are evidently slight [1, 17, 23, 24, 25], it seems probable that the 
differences in behavior of these two regions may be dependent mort 
on physical than on chemical differences. Accordingly, it was thought 
interesting to note whether dissimilarities in structure are still ob 
servable at the high magnifications obtainable with the electron mic 
scope, and the present study was undertaken to get more data on the 
structure of the wool fiber and its constituent cells and to correlate 
this information with results previously obtained by other methods 


* Figures in brackets indicate the literature references at the end of the paper. 
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Structure of the Wool Fiber 


II. APPARATUS AND MATERIALS 
1. THE ELECTRON MICROSCOPE 


The electron microscope used in this study was the Radio Corpora- 
tion of America’s type B. instrument, having electromagnetic lenses. 
Its construction and use, as well as that of electron microscopes in 
general, has already been discussed in various publications [26, 27]. 
It is important to recall, however, that the image produced by the 
electron microscope is the result of absorption and scattering of the 
electron beam, and that these effects are, in turn, a function of the 
density and thickness of the object. Thus the electron image is 
a result of differences in the amount and kind of matter traversed 
by the electrons and is not produced by differences in refractive index, 
as is usually the case in photomicrography. 

Considerable caution must be exercised in interpreting electron 
micrographs. Since the instrument is evacuated during use, drying 
of the specimens ensues and this may bring about changes in structure, 
particularly in biological specimens. Furthermore, organic materials 
are sometimes disintegrated by the electrons, especially where thick 
sections absorb large amounts of electron energy. These, as well as 
other possible alterations which may occur during the preparation 
of the specimens for examination, should be borne clearly in mind. 


2. SAMPLES OF WOOL 


In order to have observations on a fairly representative number of 
wools, five different samples were used in the investigation. One 
sample of fine merino wool was the same as that used previously in 
this laboratory. It was purified by extractions with ethyl alcohol 
and with ether for 16 hours each, followed by washing with water at 
40°C. The remaining wools had been given commercial degreasing 
treatments and were used just as received. 


III. PREPARATION OF SPECIMENS 


For a satisfactory examination with the electron microscope, speci- 
mens should not be more than a few tenths of a micron thick. Un- 
fortunately, the finest wool fibers do not even approach this limit, 
s0 that various means must be used to obtain sections suitable for 
examination. Inasmuch as the methods of preparation may bring 
about changes in the structure of the specimens themselves, it seemed 
likely that the best understanding of the wool cells could be achieved 
by the examination of specimens that had been prepared by-a variety 
of chemical and physical procedures. In the present investigation, 
specimens were prepared by the following four methods. 

_ 1. Untreated * and undamaged wool reacts slowly to enzymes, but 
it is unusually susceptible to attack if, for example, the disulfide 
cross-linkages have been ruptured by reduction with thioglycolic acid 
and then methylated to prevent reformation of the linkages [12]. 
After treatment with pepsin for several days to a week, cortical and 
scale cells are released from the wool fibers. For the present work, 
cells obtained by this procedure were washed repeatedly with dis- 
tilled water until the suspension was neutral, whereupon a drop of the 
Suspension was placed on the specimen holder of the microscope and 
‘In this discussion wool fibers that received no specific chemical treatments before being placed in 


8 will be designated untreated wool, whercas the fibers that were reduced and methylated before 
ubjected to the action of enzymes will be called treated wool. 
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allowed to dry. The scales were less than 0.5 micron in thickness and 
hence satisfactory for examination with the electron microscope, 
The cortical cells were too thick to allow passage of the electrons 
except at their tapering ends, and accordingly observations were 
confined principally to these regions. 

2. Another method for obtaiming scales for examination with the 
electron microscope involved treating the fibers with acid. Woo] 
fibers were placed either in concentrated sulfuric acid for several hours 
or in concentrated formic acid for several weeks. This treatment 
loosened the scales and caused them to bend away from the fiber go 
as to resemble warped shingles on a roof. By subsequent agitation of 
the acid-treated fibers in a small amount of water, many scales and 
fragments thereof were removed. The released scales were washed 
with distilled water until neutral, and then examined in the usual 
manner. Although it is recognized that the acid treatment probably 
brings about changes in the structure of the scales, it is interesting to 
note that scales treated in this way still form Allwérden sacs when 
they are placed in chlorine water [6]. 

3. Mechanical separation of the scales from the fibers was accom- 
plished by the method of King [28]. After attaching a weight to the 
fiber to keep it taut, the fiber was drawn across the edge of an ordinary 
glass slide mounted horizontally. In this way thin slivers were 
scraped off, and these sometimes appeared to consist solely of scale 
material. 

4, Another method for obtaining scales by mechanical action 
involved the use of a Wiley mill. In this machine the fibers are cut 
lengthwise into rather long pieces which are, of course, too large and 
thick for examination. However, as the fibers pass through the mill, 
pieces of scale material are also broken and chipped from the surface 
of the fibers, and these fragments are suitable for use. In the micro- 
scope the thin scales were easily distinguished from the thick and 
dense pieces of fiber. Also, satisfactory specimens of cortical material 
were prepared by triturating the coarse powder from the mill between 
two pieces of ground glass. 


IV. RESULTS AND DISCUSSION 
1, STRUCTURE OF THE SCALE CELLS 


Scales from five different samples of wool were examined at several 
magnifications. Although the structural pattern varied, depending 
on the differences in experimental technique, all the scales, regardless 
of the method of preparation or of the samples from which they came, 
showed certain similarities. For example, the margin of the distal 
part of the scale, i.e., the part away from the point of attachment and 
not covered by overlapping scales, was relatively thick and dense, 
and hence showed little evidence of a finer structure. ‘The proximal 
end of the scale, on the other hand, was thin enough to allow passage 
of the electrons and thereby reveal details. Thus the scale as 4 
whole is evidently wedge-shaped, decreasing in thickness from 1! 
distal to its proximal end. 

The scales, unlike the cortical cells, show little internal organi7- 
tion even at the highest magnifications obtainable with the optical 
microscope. Usually this instrument shows clearly that the scales 
overlap in a manner comparable to that of shingles on a roof, bul 
there is almost no indication of a pattern within the scales themselves 
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(fig. 1). The higher resolving power of the electron microscope, 
however, does reveal a pattern in the scales released by certain pro- 
cedures. For example, figure 2 is an electron micrograph of part of 
a scale which had been prepared in exactly the same way as the scales 
shown in figure 1. The greater detail of the electron micrograph 
js evident, the scales appearing rather mottled, with less dense areas 
scattered throughout the denser regions. The less dense areas were 
irregular in shape, and varied in size up to about 1 micron. Generally 
speaking, all the scales separated from the fibers by chemical action 
had this mottled appearance. Specimens prepared by identical pro- 
cedures did not, however, always have exactly the same appearance. 
Thus, although the scales obtained by treatment with sulfuric acid 
usually had a typical mottled appearance (fig. 3, A), occasionally 
they exhibited a more porous or vesiculate pattern (fig. 3, B). Like- 
wise, the scales released by the action of untreated wool with pepsin 
often had the typical appearance of chemically released scales (fig. 
4A). Frequently, however, they underwent disintegration by the 
electrons, and then appeared as in figure 4, B. 

Mechanically removed scales showed less structure than those 
separated by chemical techniques. At magnifications of only several 
thousand times they appeared uniform, with little indication of a 
finer structure. Sometimes at higher magnifications a faint pattern 
was discernible (fig. 5, A), but usually they still appeared structureless 
(fig. 5, B). For a number of reasons it seems likely that the relatively 
uniform and amorphous appearance of these scales approaches more 
closely the true structure than that observed in chemically released 
specimens. In the first place, mechanical action would seem to be 
less drastic than that of chemicals. Probably more significant, how- 
ever, is the fact that indirect evidence from other lines of investigation 
suggest a type of structure with which that observed in the mechani- 
cally removed specimens is in agreement. For example, observations 
with the polarizing microscope reveal that, unlike the cortical cells, 
which are anisotropic, the scales have little if any birefringence [6). 
Similarly, X-ray data by Astbury and Street [29] show that the X-ray 
spectrum of the cuticle, especially in the stretched condition, differs 
from that of the whole fiber, and suggests a more or less random 
orientation in the former. The stable nature of the scale material to 
dyes, swelling agents, enzymes, and many other reagents, has already 
been pointed, and is, likewise, compatible with the present observations. 


2. STRUCTURE OF THE CORTICAL CELLS 


_ The examination of cortical cells with the electron microscope con- 
firmed and extended the results previously obtained with the optical 
meroscope. With the latter instrument it has been shown that cortical 
cells are spindle-shaped and that they have a striated appearance, 
except for a granular nucleus (fig. 6, A). That the cells are funda- 
mentally of fibrous structure, as indicted by their striated appearance, 
tan be verified by dissecting single cortical cells with microneedles, 
Whereupon numerous fibrils can be separated [6]. Between crossed 
hicols the fibrillate part of the cortical cell appears birefringent, whereas 
the granular nucleus does not (fig. 6, B). 

Because of their size, observations with the electron microscope of 


| the cortical cells released by pepsin were confined principally to their 


thin and tapering ends. But there are good reasons for believing that, 
except for the nucleus, they have a similar structure throughout. It 
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was found that over a wide range of magnifications the fibrous nature 
of these cells was still evident (figs. 7 and 8). However, whereas 
only fibrils were observed with the optical microscope, the electron 
microscope resolved still finer filaments, which, in the present inyes. 
tigation, will be called microfibrils. Zahn [30, 31] has similarly dis. 
tinguished between fibrils and microfibrils in cortical cells. Figure 7 
B shows the end of a cortical cell that has become frayed during 
preparation for examination. The separation of the fibrils (about | 
micron in width) from each other and their subdivision into micro. 
fibrils is also evident. Figure 8 represents part of another cortical cel] 
at a higher magnification and in greater detail. The micrograph shows, 
essentially, parts of two fibrils, each made up of microfibrils and each 
connected to the other by additional microfibrils. The microfibrils 
like the fibrils, appear not to be constant in width but to vary from 4 
few hundred to about a thousand angstroms. Although the micro. 
fibrils are roughly parallel to the long axis of the cell, they do not 
present a picture comparable to a pile of matches in parallel aline. 
ment. They are observed, rather, to coalesce, so that apparent spaces 
of various sizes up to several tenths of a micron are formed between 
them. Adjacent fibrils are connected by other microfibrils which have 
a much looser texture. In other words, there are more microfibrils 
per unit area in the dense regions (fibrils) than in the less dense regions 
(interfibrillar regions) of the cortical cell. ’ 
The structural details revealed by the electron microscope make 
possible a clearer interpretation of previously observed phenomena, 
It seems likely, for example, that when cortical cells are dissected by 
means of microneedles, the needles first penetrate the interfibrillar 
regions, where the microfibrils are more easily disrupted than in the 
compact fibrils. Upon further manipulation, the interfibrillar regions 
apparently are torn longitudinally, thereby separating the fibrils, 
Also, as previously pointed out, the ioral cate are birefringent in 
the polarizing microscope (fig. 6, B). They are not, however, uniformly 
bright, but show alternate striations of high and low birefringence 
which appear to correspond to the fibrils and interfibrillar regions. 
From the present work with the electron micrsocope the fibrils might 
be expected to show greater brightness between crossed nicols because 
of the greater compactness of their microfibrils as compared with those 
in the interfibrillar regions. It should be borne in mind, however, 
that the light areas recorded on the micrographs, and which are espe- 
cially abundant in the interfibrillar regions, do not necessarily indicate 
open spaces, but may only indicate areas which contain a material 
that is less dense than the surrounding microfibrils. 
Upon examining specimens from reduced and methylated wool in 
the optical microscope, before and after their exposure to the elec- 
trons, there was no evidence that the cortical cells had been adversely 
affected by the electrons. Similarly, micrographs taken with the first 
flow of electrons through a specimen did not appear to differ from sub 
sequent micrographs taken after longer bombardment. The behavior 
of cells from wool which had not been reduced was quite different. 
Just as soon as the beam of electrons struck these specimens, p!0- 
nounced changes in structure occurred. ‘The cells literally explode 
and assumed a characteristic appearance (fig. 9). In the optical micro 
scope the bombarded cells looked dark, charred, and distorted. This 
behavior, which is not uncommon with thick sections of orgalllt 
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Figure 1.—Group of scales released by the action of pepsin on treated wool fibers, 
Stained with orange II. Photomicrograph, 1,500. . 
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Figure 2.—Part of a scale, released from treated wool by pepsin, showing 
mottled appearance and fimbriale margin. 
Electron micrograph, 16,000. 
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lhiGuRE 3.—Scales obtained from wool by treatment with sulfuric acid. 


1, Prox end of seale, having a mottled appearance. Electron micrograph, 14,500. 3B, Parts of several 
ing seales, showing a vesiculate structure. Electron micrograph, 15,500. 
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Figure 4.—Scales released from untreated wool by pepsin. 


A, Part of scale, showing a mottled appearance. B, Part of scale which has undergone Cisintegration by the 
> electrons, Electron micrograph, x 15,500. 





156} 








ournal of IX\¢ 








search of the National Bureau of Standards Research Paper 1561 


1a 





1, Thin s 
through 


the cort 





FiagurRE 5.—FParts of scales removed mechanically from fibers. 

r of scale obtained from fiber by scraping. B, Piece of scale chipped off during passage of fiber 
Viley mill. (The completely opaque parts of the micrograph are due to thick fragments of 
hich cling to the scale.) Electron micrograph, 16,500. 
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FicguRE 6.—Cortical cells from treated wool. 


1, Single cell, showing the nucleus, and the fibrillate appearance of the rest of the cell. Stained w th orange 
II. 8B, Single cell, between crossed nicols, showing the nonbirefringent nucleus in the birefringent c¢ 
Photomicrograph, 1,500. 
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A and B are parts of cortical cells from treated wool, showing separation 
of the fibrils into still smaller microfibrils. 
Electron micrograph, X 16,000. 
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Figure 8.—Part of cortical cell, showing fibrils and microfibrils 


Electron micrograph, 26,500. 
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FiguRE 9.—Part of a cortical cell disorganized by the electrons 
Electron micrograph, 17,000. 
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Figure 10.—Part of corter obtained by mechanical action. 


Portion of a cell showing microfibrils. 


Electron micrograph, 20,000 
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materials [32], has been described previously in the cotton fiber 
33, 34]. 

: The pra in reaction of the cells from untreated and from 
treated wool to bombardment by electrons make it interesting to 
speculate on the causes of this phenomenon. Since the specimens 
of wool used in this phase of the work were identical except for the 
reduction and methylation treatment, it seems probable that this 
treatment may account for the observed behavior. 

Because of the thickness and density of the cortical cells, it may be 
expected that under bombardment by the electrons a large amount 
of energy would be absorbed, and this in turn would tend to dis- 
organize the keratin. The foamy appearance of the disorganized cells 
suggests, moreover, that the decomposition may be accompanied by 
the evolution of gases. Consequently, a certain degree of break- 
down might be expected to occur in cells from both the untreated and 
from the treated wool. However, in untreated wool the close align- 
ment of the keratin molecules presumably does not permit the gases 
to diffuse readily, and as a result the cell explodes. The looser ar- 
rangement of the molecular chains in reduced and methylated wool, 
on the other hand, apparently allows diffusion to take place more 
easily and consequently disintegration does not occur. Also, in 
preparing the-treated wool the disulfide cross-linkages are ruptured 


| (reduced) and then methylated to prevent their re-formation. This 


may impart to the long polypeptide chains more freedom of movement 
when subjected to mechanical forces. In untreated wool, on the 
other hand, the original cross-linkages remain intact and thereby 
hold the keratin chains in rather rigid alinement.‘ 

Although both scale and cortical cells from untreated wool usually 
underwent disintegration by the electrons, occasionally scales from 
the former were not disorganized (compare figs. 4, A, and 4, B). In 
these instances, the specimens presumably were thin enough for the 
electrons to pass through without disturbing the molecular archi- 
tecture of the cell. 

Additional explanations for the differences in behavior of these 
samples of wool during bombardment may also be suggested. It is 
possible, for instance, that the treatment with pepsin removed from 
the reduced and methylated wool some substance, thereby increasing 
the porosity of the treated wool as compared with the untreated wool. 
This difference in porosity might account for the observed differences 
in reaction. Similarly, the temperature at which disintregation of 
the specimens occurs may be lower for untreated than for treated 
wool, and this may be another explanation of the phenomenon. 
However, regardless of the specific reasons for the unlike behavior of 
these specimens in the electron microscope it is instructive to note 
that besides the differences which these wool fibers show in alkali- 
solubility, in mechanical properties, and in susceptibility to attack 
by enzymes and microorganisms, there is also this additional difference 
in the reaction of their component cells when exposed to electrons. 

Cortical material which had received no specific chemical treat- 
ments, but which was prepared by trituration as previously described, 
was also-examined for comparison with the cells released from wool by 
chemical action. Again, it was found that the cortex is made up of a 
highly fibrous material. Because the sections were prepared by rather 


OF. EGER 
de Stress-strain measurements indicate that reduced and methylated fibers are capable of greater elongation 
‘aN untreated fibers [35]. 
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drastic mechanical action, and also because the plane of the sections 
is uncertain, a detailed interpretation of the micrographs is difficult, 
However, figure 10 shows what appears to be innumerable interlocking 
and variously aggregated microfibrils, and thereby gives further 
evidence of the fibrous nature of the cortical cells. 

There is abundant evidence from chemical, physical, and micro- 
scopic studies, in support of a fundamental fibrous structure of textile 
fibers, and to this knowledge the present investigation of wool gives 
additional support. Whereas with the optical microscope only fibrils 
may be observed within the cortical cells, the electron microscope 
resolves still finer microfibrils. It is important to note, however, that 
studies with the electron microscope support previous evidence which 
indicates that only the cortex and not the cuticle appears to have a 
fibrous structure. 
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A FRICTION METER FOR DETERMINING THE COEFFI- 
CIENT OF KINETIC FRICTION OF FABRICS 


By Edwin C. Dreby ! 
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ABSTRACT 


A friction meter is described, and its application to the evaluation of the smooth- 
ness of a wide variety of fabrics is discussed. The ruggedness, sensitivity, and 
ease of operation of the instrument make it suitable for the routine testing of 
fabrics, the evaluation of finishing agents, and the control of finishing processes. 
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I. INTRODUCTION 


The frictional properties of textile fibers, yarns, and fabrics have to 

be taken into consideration by both manufacturers and users of fab- 
rics. Fabric smoothness, ‘‘sheen,” “creep,” and wear are very im- 
portant characteristics associated with the frictional properties of 
fabrics. The development of new fibers and finishing agents for fab- 
rics creates a need for adequate means for evaluating their character- 
istics. To this end an investigation was undertaken jointly by the 
American Society for Testing Materials and the National Bureau of 
Standards for the development of methods for the evaluation of textile 
finishes. The work reported in this paper is concerned principally with 
the relation of frictional properties to the smoothness of fabrics and to 
“hand” or feel, in general. The friction meter described in this paper 
was developed for determining the coefficient of friction of fabrics. 
The device meets the requirements of ruggedness, sensitivity, and ease 
of operation desired of an instrument for routine textile testing. 
_ One of the earliest recorded investigations of the frictional character- 
istics of fabrics was that of Rennie [1],? who measured the resistance to 
sliding and abrasion of several wool fabrics. Rennie used the sliding- 
—_—_—_—_——___. 

' Formerly Research Associate at the National Bureau of Standards, representing the American Society for 


Testing Materials. 
* Figures in brackets indicate the literature references at the end of the paper. 
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block method, in which a fixed block is covered with one piece of {hp 
fabric to be tested and a weighted movable block is covered with 
another piece. The force just sufficient to overcome the resistances 
to sliding of one block on the other is then determined. 

Two recent investigators have studied fabric friction and its po. 
lation to the slipperiness and smoothness of fabrics in the hands. 
Mercier [2] used the inclined-plane method in which a block covered 
with one piece of the fabric rests upon a sloping surface covered with 
another piece of the fabric. The tangent of the angle that the htm 
surface makes with the horizontal when the block will just start. to 
slide is taken to be the coefficient of friction. Morrow [3] developed 
method for determining the coefficient of kinetic friction, in which 
a strip of the fabric was fastened on the rim of a wheel that was rotated 
at constant speed. Another strip of the cloth or some other material 
was mounted on a block that rested on the rim under known load 
The frictional force was balanced by weights. Morrow determined 
the coefficient of kinetic friction of a fabric both against itself and 
against other surfaces. 

The friction meter was devised to overcome a disadvantage com 
mon to the methods utilized by the previous investigators, namely 
that of having to balance the frictional force by varying the applied 
force by increments. Such a procedure requires numerous trials 
before the frictional force is balanced correctly. This disadvantage 
not only makes the measurement tedious but it also leads to unsatis- 
factory results, particularly for fabrics having a coefficient of static 
friction and a coefficient of kinetic friction of wide ly different magni- 
tudes. With the friction meter, the frictional force is balanced 
continuously by spring tension so that all fabrics may be tested 
with a simple and identical technique. In addition the device has 
the ruggedness of construction and simplicity of design desired in a 
laboratory testing instrument. 

In the present paper the construction and operation of the friction 
meter is described, and various factors affecting the measurement of 
the coefficient of friction and the relation of the coefficient of friction 
to the smoothness and hand of fabrics are discussed. 


II. DESCRIPTION AND USE OF THE FRICTION METER 


A sketch of the friction meter is given in figure 1. A horizontal 
table about 6 inches square, having a smooth surface, is located 
between a torsion element and a drum. The torsion element has a 
clamp for attaching one of a pair of fabric specimens required for a 
test. Deflections of the torsion element are indicated on a dial gage. 
The drum is provided with a clamp for attaching the other fabric 
specimen to it and a crank for winding the specimen on the drum. 
A metal block weighing 1 pound and having a lower surface 10 square 
inches in area (3 inches by 3% inches) is provided * to subject the 
specimens to load. 

In making a test, two specimens about 10 inches long and 31% inches 
wide are cut from the fabric with the long dimension of each specimen 
in the direction of the fabric for which the coefficient of friction 1s 

3 Dr twins showing g the details of construction of the friction mete r may be obtained from the Nat 
Bure au ( Standards A special committee of the American Society for Testing Materials has arra 

1¢ manufacture of this machine for sale. Further information can be obtained from the chai 


Special Committee, George A. Slowinske, 5. I. du Pont de Nemours & Co., Inc., P. O. Box 386, Wilmingt 


Del. 
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desired. An end of one specimen is fastened in the clamp on the drum 
so that the fabric lies face up on the table of the instrument. An end 
of the other specimen is fastened in the clamp on the torsion element 
so that it lies face down on the specimen attached to the drum. The 
| weight is placed centrally on top of the test specimens. The crank 
is then turned at a steady rate of approximately 30 revolutions per 
minute, thus drawing the lower specimen from under the upper one at 
a speed approximating 2) feet per minute. The specimen is drawn 
through until its free end reaches the back edge of the weight and then, 


Dial Gage---= 


Clamp on 
Torsion Elemen ant 
iy 
XY 






































= 
~Clamp on Drum 


Figure 1.—Friction Meter. 


without unclamping, the specimens are put back in their original 
positions and the process is repeated. The constant or nearly constant 
value indicated on the dial of the gage the second time the lower 
specumen is withdrawn is noted. This is taken to be the coefficient 
of kinetic friction of the fabric sliding on itself when the scale on the 
dial indicates the frictional force in pounds, as provided below, and 
the 1-pound load is used. The average of the results obtained by test- 
ing two pairs of specimens is sufficiently duplicable for most purposes, 
as is shown later. 


III. CALIBRATION OF THE FRICTION METER 


The friction meter was calibrated in a simple manner. A fine string 
Was lastened in the clamp on the torsion element and passed over a 
low-friction pulley placed in front of the instrument so that it just 
cleared the table of the instrument. A pan for holding weights was 
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fastened to the free end of the string. Deflections of the dial cag, 
were noted for a series of loads from 0 to 2 pounds, successive ]oads 
differiag by %-pound increments. By applying slight hand _presgsy 
to the torsion element, deflections for specific loads were noted as thy 


equilibrium point was approached from higher and lower values | 


With the well-lubricated, low-friction pulley that was used, the 
differences between the deflections for the two directions of approach 
were very small. The mean was taken. Within the range of calibra. 
tion there was a linear relationship between the deflections of the 
torsion element and the applied loads. From the calibration obtained. 
a scale was made for the dial gage, indicating in pounds the fore 
applied to the torsion element. The same scale indicates the coefficient 
of friction when the 1-pound weight is used for the load. 


IV. FACTORS AFFECTING THE COEFFICIENT OF KINETIC 
FRICTION 


The coefficient of kinetic friction between two bodies is the ratio 
of the force, applied parallel to the surfaces, required to cause one to 
slide over the other at a uniform speed to the force holding then 
together. For many substances, it is, within limits, independent of 
the area of the surfaces in contact and of the relative speeds of the 
surfaces. For irregular, compressible substances, such as _ fabrics 
it is not independent of these factors. Other factors being constant, 
an increase in area causes a decrease in the coefficient or friction and 
an increase in speed causes an increase in the coefficient of friction of 
fabrics. 

Variations in the coefficient of friction of fabrics resulting from these 
factors can be minimized by using a standard set of conditions for 
measuring all fabrics. As a result of tests with various weights, the 
use of the 1-pound weight with 10 square inches of bottom surface 
(giving a pressure of 0.1 pound per square inch) seemed most prac- 
tical. The speed is controlled by hand, but tests have shown that 


speeds twice as great or half as great as that specified cause varia- | 


tions in the coefficient of friction of less than 5 percent. Since it is 
possible to control the speed within much smaller limits than these, 
differences in values due to this cause will be small and of the order 
of the variations in the results for different specimens from the same 
fabric, which are from 1 percent to 4 percent, depending upon the 
magnitude of the coefficient of friction. 

Variables that might influence the results because of improper 
placing of the weight were investigated. Placing the weight at ditler- 
ent positions other than the central position, dropping it in place, 
adding an additional load and removing it before the test, permitting 
the weight to rest on the specimens for different time intervals before 
making the test, and placing the weight on the specimen with a me- 
chanical device to avoid impact, resulted in no more scattering of the 
results of individual tests than was obtained with the specified 
technique. 

Several types of surfaces were tried in an attempt to establish 
standard surface against which all fabrics may be measured. Thes 
included different fabric surfaces, two metal surfaces with differen 
degrees of polish, and two leather surfaces. The coefficients of Ir 
tion of some of these surfaces were not sufficiently constant or I 
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producible, and the range of results for series of fabrics tested agains! 
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a common surface was much smaller than the range when tested 
against their own surface. The greater sensitivity of the fabric 
against fabric method of measurement and the advantage of having 
a fresh surface for each measurement led to the testing of the fabric 
against itself in the studies made with the friction meter, 

Figure 2 shows how the values of the coefficient of friction vary 
during the mreasurement and on successive remeasurements of a pair 
of specimens of cotton percale. At the start of relative motion a 
very high reading is obtained. This value varies over a considerable 
range for different specimens from the same fabric, being affected by 
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Fiaurg 2,—Variations in coefficient of friction during course of tests on an 80X80 
colton percale. 


the manner in which the weight is placed on the specimens and by 
small differences between the specimens. As soon as relative motion 
of the specimens is begun, the value drops rapidly and after a relative 
ovement of 2 inches the value is almost constant. On remeasuring 
the specimen, the value is at first approximately the same as that 
hear the end of the previous measurement. It drops to a more or 
less steady value, which is lower than that obtained in the first test. 
When the measurements are repeated further, with the same surfaces, 
the coeflicient of kinetic friction drops slowly and continuously, 

his change in the coefficient of friction probably results from lining 
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up the projecting fibers and matting them into a smoother, more 
compact surface. The values of the coefficient of friction of cotton 
percales observed in the second test were the earliest values that were 
reproducible. Other fabrics gave results varying no more than these. 
and some fabrics, ike smooth rayon twills or satins, gave results 
varying much less. Accordingly, the procedure of observing the 
coefficient during the second test was used for all fabrics. 


V. DISCUSSION OF RESULTS OF MEASUREMENTS WITH 
THE FRICTION METER 


The results of measurements of three series of fabrics are presented 
to show the sensitivity of the friction meter and the significance of 
the coefficient of kinetic friction with respect to the hand of the fabrics 
and also the finish of the fabrics. All the specimens were exposed 
for 24 hours in air of 65+2-percent relative humidity and 70°+2° F. 
and they were measured in this atmosphere. 


TABLE 1.—Coefficient of kinetic friction of 80X80 cotton percales in relation to their 
smoothness as judged by seven observers 


Fabrics are designated A to Rin order of average smoothness rating, smooth to rough.’ Fabries bracketed 





























together were considered indistinguishable in smoothness. 
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® Obtained by assigning numerical ratings of 1 to 18 to the fabrics in the order in which they were placed 
by the observers (from smooth to rough). The numbers for fabrics bracketed together were then averaged, 
and all fabrics in the bracket were given this average rating. 

b Average of 2 determinations. 


A series of eighteen 8080 cotton percales, representing the prod- 
ucts of 10 different manufacturers, were graded with respect to their 
relative smoothness by each of 7 textile experts. The fabrics were 
then numbered from 1 to 18 in the order in which they were placed 
by each expert, from smooth to rough, and these numbers were used 
as numerical ratings. The numbers of fabrics which were considere’ 
indistinguishable by an expert were averaged, and the average value 
was taken to be the numerical rating of those fabrics. The sevel 
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indiv idual relative ratings thus obtained for each fabric were averaged 
io give an average relative smoothness rating. The data and results 
are given in table 1. The mean deviation “of the seven individual 
ratings Was computed for each fabric. The average of these mean 
deviations was +2.35 units of rating. 

The coe ficients of kinetic friction of these fabries were determined 
- duplicate pairs of specimens. The average mean deviation calcu- 
ated as above was +0.009 unit of aa coeflicient of kinetic friction. 
The data are given in table 1 

The ratio of the spread of values obtained by each method to their 
average mean deviation is an indication of the number of distinct 
groups into Ww hich these fabrics might be divided by the hap sn of 
measurement. ‘The ratio for the friction meter is about 2 , for the 
smoothness ratings only 6. The friction meter is thus aie sensitive 
to differences in the fabrics. This was found to be true for other 
fabrics, and measurements indicated that two pairs of specimens of 
most fabrics would give a reliable result. 

The correlation between the order of the eighteen 8080 cotton 
pereales determined by the tactual method and “by the friction-meter 
method was computed by the method of Kendall. It was 35 to 41 
percent, depending upon the order of ranking of the fabrics whose 
coefficients of friction are the same. According to this statistical 
test, no clear correlation is indicated. It must be concluded that the 
efficient of friction is not the only property of a fabric contributing 
to its smoothness. 

Separate portions of an 8080 and of a 6872 print cloth were 
treated with different concentrations of each of two finishing agents. 
This method of treatment produced only small differences in the 
physical properties of the fabrics. Under these conditions there was 
adirect relationship between the coefficient of friction and the relative 
differences in smoothness, as shown by the results in table 2. 


] < 


Coe flicie nis of kinetic friction of SOX80 and 68X72 cotton print cloth 
treated with different concentrations of two finishing agenis 


Coefficient of ki- Tactual 
netie friction smooth- 
Fabric treatment —_— ness, (1) 
rough to 
80><80 68X72 (4) smooth 
Untreated - ed 0.61 0. 64 1 
: 0% of finish . y . 56 . 60 2 
5% of finish - 4 ‘ 3 59 3 
20% OPmnmn 4... -.-......<..- f . 52 . 58 4 
Untreated - - - . .61 . 64 1 
1.0% of finish B . 54 . 60 4 
1.5% of finish B_- = ct . 54 60 | 3 
2.07 of finish B........-...... . 55 .61 2 
| 


Various relations between flembility and compressibility, the two 
other principal properties of a fabric affecting the judgment of hand, 
the coefficient of friction which might give an evaluation of 


TT 

‘The Kendall coefficient of correlation between two series ofrenk ing: sis given by the equation 2=/n(n—1), 

Where 1 is the number of members ranked, and = is compute: 1 as follow TT he members are put in objective 

4 1 the one serios, which then determines the corresponding order of the rankings for the other series. 

E ach mem iber in turn of the latter sequence of rankings is comp: ired wi ith sueceeding members in the 

Sequence T hose Pp 1irs in the correct order are given a value of +1 ana thos 1 the inverted order are given 

a value of — The sum of these values is denoled ©. The methor is described in detail by Schwarz and 
in ‘ ‘Technic il Evaluation of Textile Finishing Treatments. IIT. Use of Rank Correlation for Com- 

1 0f Data.” Am. Dyestuff Reptr. 29, 400 (1940); Textile Research 10, 453 (1940). 
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smoothness were investigated without success. Thus, except in such 
series as those illustrated above, the coefficient of friction may not }; 
a direct indication of the smoothness of a fabric. 

The usefulness of the coefficient of friction for evaluating fabric 
finishes is further illustrated by the results of measurements on » 
series of warp-knit rayon dress fabrics that were prepared by treating 
separate portions of the same grey fabric with 1-percent solutions oj 
nine commercial finishing agents. Each finishing — penta 
different effects with respect to the smoothness, s 
of the fabrics. The smoother, the softer, and i more mtebl. thes 
particular fabrics, the more desirable they were for their intended use. 
The fabrics are listed in table 3 3, in groups, in the order of decreasing 
desirability as determined by three experts. The coefficients of kinetic 
friction obtained with the friction meter are given, together with 
values for flexibility and compressibility. Since the properties affect- 
ing the hand of these fabrics were integrated mentally by the experts 
evaluating them, and since a study of the results of the physical 
measurements indicated that a good quality in one property co 
pensated for a poorer one in another, the results of the physicy! 
measurements were combined in the simplest ratio consistent with 
their relationship to the desirability of these fabrics. As shown in tly 
table, the ratio combining all three measured values gives a better 
indication of the desirability of these fabrics than any one of th 
measured values alone or the ratio of the values of compressibilit 
and flexibility. 


TABLE 3.—Correlation between the desirability of finish and several prop: 
warp-knit rayon dress fabrics 


} 


Flexibility? (torque, 
erg:/dezree) 


Desirability of finish 
| Coefficient of friction ! 
| Compressibility X109 


is) 


~ 


“—n——_——_ Ser oon 
DO 
Ir rotor re 


| 
| 
| 
| 
| 


| Friction meter. 
? Schiefer flexometer [4]. 
‘ompression meter [5 5]. The quantities are proportional to the volume lost by <he fabri 
the ‘pues on the fabric from 0.05 to 0.45 pound per square inch. 


This suggests the possibility that values of the coefficient of friction 
flexibility, and compressibility may give a means of distinguishing 
differences of hand of series of similarly constructed fabrics 
choice of a method for combining the numerical values for these 
properties will depend upon the character of the hand desired, 10° | 
the desired character of hand varies with such factors as the purpos 
for which the fabric is intended and current fad. Once a method is 
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joyised for a given class of fabrics, however, then the hand of other 
fabrics of the class presumably may be determined from the results of 
neasurements of the frictional, flexural, and compressional properties. 
The studies on these and numerous other groups of fabrics lead to 
the following conclusions: The coefficient of friction contributes to the 
valuation of smoothness but in itself is not always a measure of 
snoothness. For similar fabrics, where other properties are ap »proxi- 
itely the same, the fabric with the lower coefficient of friction is the 
snoother. The coefficient of fr iction, when considered with other 
roperties affecting the hand of fabrics, may lead to an over-all 
evaluation of hand. A knowle dge of frictional characteristics is 
ary for the specification of finish. 


nee Sai 


VI. APPLICATIONS OF THE FRICTION METER 


. friction meter has been applied to the testing of a wide variety 
rics, including cotton percales, broadcloths, poplins, tw ills, and 
tees; rayon crepes, twills, satins, ‘and spun rayons of linen- like and 
challis-like finish; wool and ’ mixed wool-rayon uniform shirtings and 
itings; and knit fabrics including warp-knit rayon dress fabrics and 
and nylon hosiery. The ranges of values obtained for these 
fabrics are given in table 4 


Range of coefficient of kinetic friction of different types and constructions 
of fabrics 


rw P Coefficient of 
ypes and constructions F : : 
Types construction | kinetic friction 


Cotton: 
80X80 percales - - 0.35 to 0. 60 
10060 broadcloths ° 2 .33 to .56 
10040 poplins____- -40 to .58 
68X72 twills_..._- oo oy : - .39 to .67 
65X110 sateens- - aa8 a .d4to .49 


Rayon: j 
165X72 crepes - - | . 24 to 0. 
11667 twills__- | 14 to ..4 
22565 satins jai .24to .32 
6862 spun rayons: 
Linen-like___- .66to . 
Challis-like . eee .68to . 


Wool and mixed wool-rayon: 
Uniform shirtings- _- ; . 78 to 1.03 
Uniform suitings_- = . 69 to 0. 94 


Knit fabrics: 

Warp-knit dress fabrics: 
Cuprammonium es . 39 to 0. 48 
Viscose e eens ? ae -26to . 36 
Acetate. -._. : potrtde -34to .52 

Hosiery: 
3-thread silk, 30 turns, 42 gage . 28 to 0. 50 
3-thread silk, high twist, 42 gage_- oe .26to .36 
30-denier nylon, 51 gage- -- a ee -22to .3i 








a coefficient of friction can be used to evalu: ate the effectiveness 
i dierent finishing treatments. Table 5 gives results for five groups 
! fabrics, showing ‘the effect on the coefficient of friction of calender- 
ing, concontretion of finishing agent, kind of finishing agent, fiber 
Construction, and Jaundering. The effects are in general large and 
dicate the ¢ applica bility of the friction meter in evaluating and con- 
ing textile processing. 

ie [riction meter can also be used to measure the coefficient of 
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friction between two different fabric surfaces. Such measurement, 

' ; : nts 
probably would be of use in evaluating the tendency of dresses and 
of underwear to ‘“‘creep”’ when being worn. 


TABLE 5.—Effect of different treatments on coefficient of kinetic friction 


Coefficient of kinetic 
friction 


Calendering—80 X80 percale: 


Plain-finished . iets 0. 75 

Calendered ; 49 
Concentration of finishing agent—80X80 print cloth: 

Untreated .61 

1.0% finishing agent 56 

1.5% finishing agent . . . 53 

2.0% finishing agent ; ; — ° inaicaian . 52 


Different finishing agents—silk stockings: 


Untreated. , ? . : Beases | . 30 
Softened bats ; wis sail 28 
Delustered. - - ; ; ir Seas | . 50 
| 
Fiber composition—uniform suiting: | 
All wool . 94 
50% wool-50% viscose a z 69 
Starch wien 
finish finish 
Laundering—72 60 cotton sheeting . _ 
Before laundering : 0. 47 
After first laundering 3 .79 
After second laundering .77 
After fifth laundering .73 
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MATHEMATICAL TABLES 





Attention is invited to a series of publications prepared by the Project for the 
Computation of Mathematical Tables conducted by the Federal Works Agency, 
Work Projects Administration for the City of New York, under the sponsorshi 
of the National Bureau of Standards. The tables which have been made va 
able through the National Bureau of Standards are listed below. 

There is included in this list a publication on the hypergeometric and Legendre 
functions (MT15), prepared by the Bureau. 


MT1. Taare oF THE First Ten Powers or THE INTgGsrs From 1 To 1000: 


(1938) VIII+-80 pages; heavy paper cover. Out of print. 


MT2. Tasves Or THE ExPONENTIAL FUNCTION e?, 


The ranges and intervals of the argument and the number of decimal places in the entries 
are given below: 


Range of x Interval of x Decimals given 
—2. 5000 to 1.0000 0. 0001 18 
1.0000 to 2. 5000 - 0001 15 
2.500 to 5.000 . 001 15 
5.00 to 10.00 .01 12 


(1939) XV-+-535 pages; bound in buckram, $2.00. 


MT3. TaAsies or CrrcucaR AND Hypsrsoric Sines AND Cosings ron RADIAN ARGUMENTS: 


Contains 9 decimal place values of sin x, cos x, sinh x and cosh x for x (in radians) ranging from 
0 to 2 at intervals of 0.0001. 
(1939) XVII+ 405 pages; bound in buckram, $2.00. 
MT4. Tasves or Sines AND Cosings FoR RADIAN ARGUMENTS: 


Contains 8 decimal place values of sines and cosines for radian arguments ranging from 0 to 25 
at intervals of 0.001. 
(1940) XXIX+275 pages; bound in buckram, $2.00. 
MTS. Tasres or Sinz, Cosine, AND Exponenttat INTEGRALS, VOLUME I: 
Values of these functions to 9 places of decimals from 0 to 2 at intervals of 0.0001. 
(1940) XXV1+- 444 pages; bound in buckram, $2.00. 
MT6. Tastes or Sine, Cosine, AND ExpoNeNTIAL INTecRALS, Votume II: 


Values of these functions to 9, 10, or 11 significant figures from 0 to 10 at intervals of 0,001, 
with auxiliary tables. 
(1940) XXX VII+ 225 pages; bound in buckram, $2.00. 
MT?7. Taste or Natura Locartrus, Votume I: 
Logarithms of the integers from 1 to 50,000 to 16 places of decimals. 
(1941) XVIII+ 501 pages; bound in buckram, $2.00. 
MTS8. Tastes or Prosasmity Functions, Votume I: 


Values of these functions to 15 places of decimals from 0 to 1 at intervals of 0.0001 and from 
1 to 5.6 at intervals of 0 001. 
(1941) XXVIII+4-302 pages; bound in buckram, $2.00. 


{Continued on p. 4 of cover} 
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MT9. Tasis or Naturar LocariruMs, Vorume II: 
Logarithms of the integers from 50,000 to 100,000 to 16 places of decimals, 
(1941) XVIII+ 501 pages; bound in buckram, $2.00. 

MT10. Tasre or Naturat Locarirums, Votume III: 

Logarithms of the decimal numbers from 0.0001 to 5.0000, te 16 places of decimals, 
(1941) XVIII+ 501 pages; bound in buckram, $2.00. 

MT11. Tastes or THE Moments or INERTIA AND Section Moputi or Orpinary Antes, Cuan 

NE18, AND Bucs Anoues With Certain Pirate Comatnarions: 
(1941) XIII+ 197 pages; bound in green cloth, $2.00. 
MT12. Taare or Naturat LocaritHms, Votume lV: 
Logarithms of the decimal numbers from 5.0000 to 10.0000, to 16 places of decimals, 
(1941) XX1II+- 506 pages; bound in buckram, $2.00. 

MT13. Tarie or Sint AND Cosine JNTEGRALS FOR ARGUMFNTS From 10 To 100: 
(1942) XXXII+ 185 pages; bound in buckram, $2.00. 

MT14. Tasres or Prosasitity Functions, Voiume II: 

Values of these functions to 15 places of decimals from 0 to 1 at intervals of 0.0001 and from 
1 to 7.8 at intervals of 0.001. 
(1942) XXI+344 pages; bound in buckram, $2.00. 

MT15. The hypergeometric and Legendre functions with applications to integral equations of 
potential theory. By Chester Snow, National Bureau of Standards. Reproduced from original 
handwritten manuscript. 

(1942) V1I+319 pages; bound in heavy paper cover, $2.00. 

MT16. Taste or Arc Tan X: 

Table of inverse tangents for positive values of the angle in radians. Second central differences 


are included for all entries. 
Interval between 


Range of x successive arguments 
0 to 7 0.001 
7 to 50 01 
50to 300 B 
300 to 2,000 1 
2,000 to 10,000 10 


(1942) XXV-+-169 pages; bound in buckram, $2.00. 
MT1'/. Miscellaneous Physical Tables: 
Planck's radiation functions (Originally published in the Journal of the Optical Society of 

America, February 1940); and 

Electronic functions. 
(1941) VI1+58 pages; bound in buckram, $1.50, 
MTI18. Table of the Zeros of the Legendre Polynomials of Order 1-16 and the Weight Coefhcients 
for Gauss’ Mechanical Quadrature Formula. 
(Reprinted from Bull. Amer. Mathemical Society, October 1942.) 
5 pages with cover. 25 cents, 
MT19. On the Function H (m, a, x)=exp(—ix) F (m+1—ia, 2m+2; ix); with table of the 
confluent hypergeometric function and its first derivative. 
(Reprinted from Journal of Mathematics and Physics, December 1942.) 20 pages, with 
cover. 25 cents. 

Payment is required in advance. Make remittance payable to the “National 
Bureau of Standards,” and send with order, using the blank form facing page 
3 of the cover. 

The prices are for delivery in the United States and its pcssessions and | 
countries extending the franking privilege. To other countries the price o! 
MT2 to MT16, inclusive, is $2.50 each; MT17, $1.75; MT18 and MT19, 30 
cents each; remittance to be made payable in United States currency. 

' Copies of these publications have been sent to various Government depositories 
throughout the country, such as public libraries in large cities, and colleges and 
universities, where they may be consulted. 

A mailing list is maintained for those who desire to receive announcements 


regarding new tables as they become available. 
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